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start of an entity. 

st 

strip type of raw material. 

up 

upper side of the row. 

Superscripts 

X 

represents x coordinate value. 

y 

represents y coordinate value. 

z 

represents ,z coordinate value. 

Vectors 

D 

directional vector. 

HL 

horizontal ray emerging from a point. 

*\ j, k 

unit vectors. 

— # 

L 

line vector. 

NV 

normal vector. 

NV Tef 

normal vector at a reference point. 

Varb 

arbitrary vector. 

V dev 

development vector. 
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SYNOPSIS 


Introduction 

Sheet metal components form a significant part of manufacturing activity, and they are 
widely used in different types of industries like aerospace, machine tools, electronics, re- 
frigeration and air conditioning, etc. Manufacturing processes of these components vary 
in difficulty from simple to complex operations. At present, in most of the industries, 
type of pressworking operations are determined by manually transferring the design infor- 
mation into manufacturing information. Also, process plans for sheet metal components, 
codification of components (from manufacturing point of view), generation of G and M 
codes for CNC machine tools to manufacture the components, mapping form features for 
the development and inspection of tool shapes, etc., are all done manually. To overcome 
the difficulties and limitations inherently associated with human beings, research work is 
going on to obtain manufacturing information directly and automatically from the design 
information through the method called feature recognition. 

Feature recognition of a part consists of two major tasks; extracting features from 
the component, and recognizing them. Review of the current literature shows that the 
approaches used for feature recognition in sheet metal components are : 

1. Logic approach 

2. Graph based approach 

3. Feature based approach 

Logic approach is associated with an expert system. The topological structure of the 
manufacturing features is written in terms of logic rules, and the programming language 
usually used is either Prolog or Lisp. Logic approach is usually used for 2-D and 2-1/2 
D parts, as it is easy to write rules for these type of parts. In graph based approach , 
firstly an attributed adjacency graph (AAG) is developed for the part using boundary 
representation. In AAG, nodes represent faces of a component, and edges represent the 
connectivity between them. An attribute of ‘1’ or ‘O’ is assigned to indicate whether 
faces sharing the common edge form a convex or concave edge, respectively. By applying 
heuristics, unimportant nodes are deleted from the graph, and the remaining graph is used 
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for identification of features in a hierarchical order. Geometry of a feature is not considered 
for identifying features in this approach. Therefore, features based on the geometry require 
one more step (i.e. geometric reasoning) to recognize them. In feature based approach, a 
component is created in CAD system by features. As such, the information on features 
becomes automatically available from the CAD database. Features, in the feature based 
design are associated with geometric attributes and some specific feature attributes, which 
are process specific. 

Review of the literature shows that by combination of geometric information about the 
component and graph based approach provides a good platform to recognize features of the 
components created by solid modeler. Further, the current literature indicates that most 
of the researchers have used solid modeling for feature recognition of sheet metal parts and 
have converted the component created by solid modeler into the foil type of component 
by neglecting its thickness, and pressworking features are identified from these foil type 
of components. However, in practice, most of the industries use wireframe modeling to 
represent the sheet metal components because wireframe modeling is easy to create and it 
can represent the sheet metal components unambiguously. 

The literature review also reveals that in the feature recognition process, in general, 
form features are recognized first from the design database, and then manufacturing fea- 
tures are recognized. In case of sheet metal components, form features produced during 
pressworking operations depend on tool shape, size and force applied on it, and not on the 
relative movement between the tool and workpiece as in case of conventional metal cutting 
operations. Therefore, in the present work, manufacturing features are identified directly 
from the design database. Further, pressworking operations like cutoff, notching, parting, 
shearing and slitting are also dependent on the parameters like, type of raw material (coil, 
sheet and strip), type of layout and direction of layout. These operations and parameters 
are not considered in most of the research work presented in the literature on recognition 
of pressworking features for sheet metal components. 


Statement of purpose 

The overall objective of the present work is to recognize the pressworking (manufacturing) 
features directly and automatically from the CAD database generated for a 3-D component 
and/or a 2-D component layout created by wireframe modeler. The process of recognizing 
features involves the development of a set of generalized principles by reasoning and relating 
them geometrically and topologically using set theory and graph theory concepts. 
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The specific objectives of the present work can be stated as follows : 

1. To recognize pressworking features, by the proposed methodology, it is required to 
determine the classification system of features for developing a set of principles for 
characterizing them. Characterization of features helps in identifying them auto- 
matically from the CAD database in the hierarchical way. To classify pressworking 
features, the pressworking operations have to be classified first, as the features are 
directly related to the operations. Therefore, a classification system for operations is 
proposed initially which is subsequently extended for classification of features. 

2. To identify shearing and forming features, along with the geometrical parameters, 
directly from the CAD database of the component and/or part layout created flexibly 
in wireframe modeling. The features so identified will give the alternative methods 
by means of which a component can be manufactured from the raw material. 

3. To develop the flat pattern for a formed component by taking thinning effect into 
consideration for recognizing shearing and forming features. 

4. To show the capabilities of the proposed methodology for identifying the shearing 
and forming features from the nested layout and component respectively, with the 
help of illustrative examples, and real life components. 

Methodology 

With the above stated objectives, the proposed methodology for feature recognition is given 
below : 

Initially pressworking operations are classified into two major categories, viz., shearing 
and forming operations based on the stresses applied during the pressworking process, and 
the type of features developed (i.e. 2-D or 3-D). These operations are further classified 
on the basis of their locations in the component and/or part layout. Based on the classifi- 
cation system of operations, pressworking features are classified into shearing and forming 
features, and these are also further classified, as in the case of operations, to identify them 
automatically from the CAD database. 

CAD database information obtained for a component and/or layout created flexibly by 
a designer in wireframe modeling is considered as input to the system. The connectedness 
and entity groups (subgraphs) are determined by vertex fusion methodology, since the 
information about connectedness and subgraphs in a component graph are not available 
directly from the CAD database. With the help of plane equation determined by vector 
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normal method for a component, its nature (i.e. 2-D or 3-D type) is determined after 
validating the component graph with Euler’s formula of wireframe model. 

Shearing features are identified from the plan of 2-D component nested layout by ne- 
glecting the thickness of sheet metal. The entity groups are classified into raw material 
feature set, boundary feature set, and inside feature set by using set theoretic concepts, 
minimum enclosing rectangle and ray tracing technique, as features belonging to these 
sets are not obtained directly either from the CAD database or from the entity groups 
identified. Boundary feature and inside features belonging to a component are identified, 
and lexicographically ordered components are used to determine the type of layout and 
adjacent components. Adjacency component directional relationship (ACDR) table is de- 
termined by finding directions of components using cartesian octants and a set of rules 
developed to identify the adjacency relationship. Shearing features are then identified us- 
ing different feature sets, layout, type of layout, and ACDR table. A set of principles have 
been developed by reasoning and relating entity groups geometrically and topologically for 
recognizing shearing features. 

Forming features are identified using mean plane of a 3-D component. Initially, the 
component graph is processed to identify parent and child subgraphs by relating the sub- 
graphs geometrically and topologically. Loops present in each subgraph along with the 
vertices and edges in a loop are identified with the help of plane equations and vertex 
fusion methodology. Curved planes and end planes are determined in a component, and 
adjacency plane relationship (APR) matrix is established. Cross-bend features are ex- 
tracted from the subgraphs by removing common edges between the planes. Features 
are recognized by matching the feature graphs extracted from the component with the 
standard/pattern feature graphs developed using the principle of isomorphism of graphs. 

In case of a formed component, a flat pattern is developed to recognize shearing fea- 
tures, and the louvering feature. This is because, shearing features are 2-D in nature and 
louvering feature is a combination of lancing (2-D feature) and bending (3-D feature). The . 
flat pattern is developed using the principle of rotation about an arbitrary axis in space by 
taking thinning effect into consideration. Flat pattern is processed ensuring that its graph 
is in accordance to the definition of graph theory and Euler’s formula for wireframe model, 
and louvering feature is identified. This flat pattern is taken as input to the CAD system 
and an optimum nested layout is created manually by wireframe modeler for identifying 
shearing features. 

The proposed methodology is implemented in C language on PC/AT and HP 9000/850. 
The geometric data is obtained from the standard DXF output file of AutoCAD Release- 
10 as input to the system. The methodology is tested for both 2-D and 3-D components 
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with illustrative examples representing real life components. 


Conclusions 

The proposed methodology is a generalized one for identifying pressworking features from 
2-D and 3-D components created by wireframe modeler. 

The proposed classification systems help in determining features in a hierarchical man- 
ner, and thus reduce the search procedure during implementation. Also, the classification 
systems help in easy identification of finish operations by taking total tolerances into con- 
sideration. 

The proposed methodology enables the development of alternative process plans for 
manufacturing a sheet metal component, since information about different operations by 
means of which the part can be produced from the raw material are identified. An optimum 
process plan can be selected from the generated alternative process plans based upon 
the requirements and facilities available in an organization. Thus, feature recognition 
of pressworking processes for a sheet metal component and/or layout is a step towards 
integrating the Computer Aided Design (CAD) and Computer Aided Manufacture (CAM). 
Hence, it helps in bridging the gap between CAD and CAM through Computer Aided 
Process Planning (CAPP) system, as it is the backbone of CAPP. 

The geometrical information of identified features obtained from the system can be 
used in optimization of tool paths in case of CNC turret presses, off-line generation of G 
and M codes, mapping form features for the development of tool, for inspection of tools 
and parts, etc. 


Chapter 1 


Introduction and Literature Review 


1.1 Introduction 

Sheet metal components are widely used in various industries like aerospace, electronics, 
machine tools, refrigeration and air conditioning, etc., and they form a significant part of 
the manufacturing activity. Sheet metal components are important not only from func- 
tional point of view, but also from aesthetic point of view, since they are used as enclosures 
to cover the products and are visible to the outside world. These components vary in size, 
shape and in complexity, from being simple to very difficult to manufacture. Therefore, 
pressworking processes are receiving greater attention and are being widely applied by the 
metal working industries. 

Manufacturing processes required for sheet metal components are identified by ana- 
lyzing the drawing of the component /part layout, and thereby the design information is 
translated into manufacturing information. The manufacturing information is used in the 
development of process plans, generation of G and M codes for CNC turret presses, map- 
ping form features in the development of tools for presses, inspection of press tools and 
components, codification of parts from manufacturing point of view, etc. At present, in 
most of the industries, the transformation of design information into manufacturing in- 
formation and the subsequent utilization of manufacturing information for production of 
components, and in the other product cycle activities is done manually or interactively 
using computers. Due to the presence of this manual or interactive segment in the process 
cycle, the realization of a truly computer integrated manufacturing system (CIMS) (Fig. 
1.1) is yet not possible in sheet metal industry. 

In CIMS process cycle (Fig. 1.1), there are three segments viz., product and process 
definition, manufacturing planning and control, and factory automation, which take a 
product from the concept to the completed merchandise (Rehg, 1994). These three pro- 
cess segments share common data and resources as shown in Fig. 1.2 by overlapping areas. 
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Figure 1.2: The enterprise areas (Rehg, 1994). 

The shared data are usually about the design information of the product. To achieve the 
objectives of CIMS, the design information should be transformed directly and automat- 
ically into the manufacturing information. Therefore, the design information is created 
and stored in a computer aided design (CAD) database. The CAD database information 
has to be further transformed into computer aided manufacturing (CAM) information for 
manufacturing the components. These two aspects (i.e., CAD and CAM) of CIMS are 
its vital components, and are very well developed individually into two isolated islands in 
CIMS. These two islands are being connected by a bridge called computer aided process 
planning (CAPP). The basic component of a CAPP system is the transformation of design 
information into manufacturing information. The process of transformation of informa- 
tion (done either interactively or automatically) from design into manufacturing is called 
feature recognition , which essentially forms the backbone of CAPP. As such, automatic 
extraction of manufacturing information from CAD database helps in the integration of 
CAD and CAM, - a step towards realization of CIMS framework. Moreover, automatic 
feature recognition of components from the CAD database helps in eliminating the in- 
herent problems associated with the manual or interactive system for transforming design 
information into manufacturing information. 

In this chapter, initially the various schemes of representation of components in CAD 
database are given. It is followed by a literature review on feature recognition of com- 
ponents with special reference to sheet metal components. Subsequently, the scope and 



4 


objectives of the present research are given. The chapter concludes with an organization 
of the dissertation. 

1.2 Representation of components in a CAD database 

The drawing of a physical entity (component) is result of the design process of the com- 
ponent. It is the way of expressing the component in a communicable media. With the 
introduction of computers, the design information of components are represented usually 
by the following modeling processes : 

1. Wireframe modeling, 

2. Surface modeling, 

3. Solid modeling, and 

4. Feature based modeling. 

It is very difficult to give a clear cut verdict about the best modeling technique since 
each modeling is meant for different engineering applications. The requirements of each 
application are different. There are two basic levels of information required for any engi- 
neering application (Zeid, 1991). They are geometric information about the component, 
and attributes for the geometry from engineering analysis point of view. In the present 
work, the CAD database of a wireframe model is considered from the feature recognition 
point of view such that manufacturing features can be recognized. With this as the objec- 
tive, the above four geometric modeling techniques are discussed briefly in the following 
subsections. 

1.2.1 Wireframe modeling 

The wireframe model of an object looks like a stick figure or an edge representation. Fig. 
1.3(a) shows a wireframe model of a 3-D prismatic component. Figs. 1.3(b) and 1.3(c) show 
a 2-D nested layout and a 3-D sheet metal component respectively. The term wireframe 
is related to the fact that one can imagine a wire that is bent to follow the object edges to 
generate the model. This is the simplest geometric modeling technique among all others 
mentioned above. On the other hand, it is the most verbose geometric model used to 
represent the component. The primitives used in wireframe modeling are points, lines, 
arcs, circles, ellipses, parabolas and synthetic curves. 

The database of a wireframe model is simply an itemized collection of all the vertices 
(points of 2-D or 3-D coordinates) and edges (straight lines and 3-D curves) present in 
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an object. Therefore, the data structure does not give the connectivity of edges in an 
object (Fig. 1.4). Also, the wireframe model has two serious shortcomings (Agarwal and 
Waggenspack Jr., 1992) viz., inability to distinguish what is the inside or what is the 
outside of an object (Fig. 1.5), and the cognitive ambiguity (Fig. 1.6). From Fig. 1.5, it 
can be seen that, decision about the front and the back sides of the cube is difficult to 
make without further information about the entities. Also, if a person concentrates more 
on the picture, it looks as if the front and back sides swap back and forth. In case of the 
most commonly used tesserae (Fig. 1.6(a)), without any additional information about the 
surfaces, it is difficult to find the true model. As shown in Figs. 1.6(b) to 1.6(d) all are the 
valid wireframe models. 

1.2.2 Surface modeling 

Wireframe model cannot be used to represent complex objects like airplane bodies, turbine 
blades, automobile bodies, etc. In this type of applications, surface modeling is commonly 
used to represent a part. The exploded view of a simple object showing its boundary faces 
is depicted in Fig. 1.7. 

In most of the CAD packages, surface models for components are created using the 
wireframe model as the starting point. The primitives used in this model are plane surfaces, 
ruled (lofted) surfaces, surface of revolution, tabulated surfaces, bezier surfaces, coons 
surfaces, etc. 

Surface modeler gives the detailed surface information with the explicit representation 
of the wireframe data. Surfaces of an object represent the primary interface (or boundary) 
between the points, and help to determine vertices inside the volume and those outside. 
Thus, surface models are more complete when compared to wireframe models. The data 
structure for surface modeling of a stepped cube (Fig. 1.8(a)) is given in Fig. 1.8(b). In the 
data structure of this model the connectivity of edges is available directly from the CAD 
database, since the surface is made up of edges and vertices. The model still does not 
represent the object completely since it represents only the geometry of the object. The 
connectivity of surfaces cannot be obtained directly. As such, the connectivity of surfaces 
has to be determined from the data structure. 

1.2.3 Solid modeling 

In this branch of geometric modeling, emphasis is given to the creation of complete objects 
such that it is adequate for answering arbitrary geometric enquiries algorithmically without 
interaction of human beings. A solid model defines the complete geometry and topology 
of an object. Therefore, given the solid model of an object, it is possible to determine 
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Figure 1.4: Data structure of a wireframe model : (a) Stepped cube, and (b) Data structure 
of the stepped cube giving edge information. 




Figure 1.5: Wireframe model for a stepped cube. 




Figure 1.6: Ambiguous wireframe models : (a) Tesserae, (b) (c) and (d) valid planar-faced 
solids (Agarwal and Waggenspack Jr., 1992). 



Figure 1.7: Boundary faces of a cube(Agarwal and Waggenspack Jr., 1992). 
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Figure 1.8: Data structure of a surface model : (a) Stepped cube, and (b) Data structure of 
the stepped cube. 
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(a) Simple polyhedra 




(c) Polyhedra with not through holes 



Figure 1.9: Types of polyhedral objects (Zeid, 1991). 

whether the point under consideration is inside, on the surface (i.e., on the boundary) or 
outside the object. This classification of the point is termed as spatial addressability (Zeid, 
1991). 

The topological information of solid modeling helps in determining the connectivity 
of surfaces in an object. Based on the internal representation scheme, different types of 
solid systems are identified. Most of the solid modeling systems have two types of internal 
representations, viz., boundary representation (B_rep) and constructive solid geometry 
(CSG). The primitives used in B_rep are faces, edges and vertices, and the objects are 
classified as either polyhedral or curved type. Various types of polyhedral objects are 
shown in Fig. 1.9. General data structure for a boundary modeling is given in Fig. 1.10. 

The primitives used in a CSG model for the construction of an object are blocks, 
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Figure 1.10: General data structure for a boundary modeling (Zeid, 1991). 




(b) 

Figure 1.11: A typical solid and its building primitives : (a) Typical solid, and (b) Primitives 
(Zeid, 1991). 


cones, spheres, cylinders, torous, etc. In almost all CAD packages, CSG is used as the 
core technique for constructing objects and depending upon the requirement^ SG can be 
converted into Burep or to other representation schemes. A CSG model for an object is 
given in Fig. 1.11 and its CSG graph is shown in Fig. 1.12. Data structure of a CSG for 
the above object is given in Fig. 1.13. 

The information stored for representing a component by the solid modeler is much 
more than the information required for wireframe modeling and surface modeling, since 
it requires both geometrical and topological information of the part. Solid models cannot 
automatically create other models from their definitions and they cannot use the data 
created in other models to create a solid automatically. 
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Figure 1.14: Schematics of feature-definition approaches : (a) Interactive features definition, 
(b) Automatic feature definition, and (c) Design by features (Shah, 1991). 

1.2.4 Feature based modeling 

In feature based modeling, objects are created by features. Each feature is represented by 
a specific geometry and feature attributes. The attributes of features can be dimensions, 
dimensional tolerances, manufacturing notes etc. Thus, various types of information are 
included depending on the application requirements. It should be noted that features are 
independent of geometry. Feature models are created by three approaches viz., interactive 
feature definition, automatic feature definition, and design by features (Shah, 1991). These 
concepts are illustrated in Fig. 1.14. 

Shah and Rogers (1988) have used a four level data structure to represent the object 
created in feature based modeling. For an abstract object, the data structure is shown in 
Fig. 1.15. In the figure, the top level records the feature relationships, second level consists 
of generic properties of each feature, third level stores instance data of the feature, and the 
fourth level records the CSG tree of the object. 

It is expected that the feature based design will provide a better approach to integrate 
design with other applications where the design information is required. But, at present, 
the major disadvantage associated with it is that each application of engineering requires 
a different set of features. Also, in this modeling, still many issues like feature representa- 
tion, feature validation, features and constraints, multiple views on features, features and 
languages, features and standardization are not yet resolved completely (Solomons, et al., 
1993). 
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Figure 1.15: 4-level data structure of a feature model (Shah and Rogers, 1988) 




In the above section, the various means of representation of objects by the 
geometric modeling techniques are explained briefly. In the following section, a 1 
review of the various approaches used to recognize manufacturing features from t 
database are discussed. 


1.3 Literature review 

In the literature, we find that so far there is no clear and exact definition for t 
feature. Oxford dictionary defines feature as : (1) the parts of the face which 
form its appearance, (2) distinctive characteristic; aspect, and (3) special or pr 
article or program. In case of Webster dictionary, feature is defined as : (1) the si 
form, or appearance, especially of a person, (2) the makeup or appearance of the h 
parts, (3) prominent part or characteristic, and (4) a special attraction. Therefo 
engineering point of view, features can be viewed as information sets that refer tc 
aspects of form or other attributes of a part. 

In engineering, the product cycle has three distinct phases viz., conceptual desig 
design phase, and manufacturing phase (Lenau and Mu, 1991). The same feat 
defined differently in each phase. In the conceptual design phase , features are 
from the functional point of view , and are called functional features. The same 
in the design phase are defined from shape aspect , and are called form features, 
manufacturing phase same features are defined from the production point of view , 
called as manufacturing features. 

For example, consider the sheet metal component (Fig. 1.16) used as a mote 
The motor cover requires some space for aligning the motor shaft and for alignin; 
to fix the cover on the casing of the motor. In the conceptual phase, these feat 
defined from the functional point of view, and are called shaft and screw alignment 1 
These features in the design phase are defined from shape point of view, and they a 
circle and obround features. In pressworking (i.e. manufacturing phase),these feat 
defined from production point of view, and are called piercing features. Thus, t 
feature of the component has different feature names in different phases of the 
cycle. 

1.3.1 Feature recognition in general 

In geometric modeling, parts are represented by geometric entities. Therefore, feat 
defined as a group of geometric entities, which put together will give some higl 
meaning. The geometric entities representing form features of a component are e: 
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Figure 1.17: Pattern primitives. 


Figure 1.18 A simple hole drawing. 


from the CAD database, and manufacturing features are recognized. The process of extrac- 
tion and recognition of features is called feature recognition process. Generally, features are 
recognized through the following five major approaches, which have proved to be significant 
(Chang, 1990). They are : 

a. Syntactic pattern recognition, 

b. State transition diagram and automata, 

c. Decomposition approach, 

d. Logic approach, and 

e. Graph based approach. 

Syntactic pattern recognition process consists of defining the primitives in terms of 
pattern grammars. Fig. 1.17 gives the pattern primitives, and BBCCC BBAAABB gives 
the string developed for a simple hole (Fig. 1.18), assuming that the primitives represent 
one unit length. The picture of the object is represented by the concatenation of pattern 
primitives and a parser is used to identify whether the given picture satisfies a certain 
grammar or not. An architecture for a syntactic pattern recognition based recognizer is 
given in Fig. 1.19. This approach is most suitable for 2-D and 2|-D components, since 
the pattern grammars can be developed easily by following a fixed order to represent the 
primitives. In case of 3-D components, pattern grammar development is tough, since 
following a fixed order to represent a primitive is difficult. 

Kakino (1977) has developed a part description method on the basis of the fundamental 
concept of converting the part drawing into computer oriented information for the data 
structure. Based on his work, Jakubowski (1982) used syntactic pattern to describe 2- 
D profile information of 2|-D components created by sweeping. Features are recognized 
based on the occurrence of string of primitives. He applied extended free grammar to 
describe machined part families and gave a detailed explanation for parser construction. 
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Class 1 Class 2 Class n 

Figure 1.19: An architecture for a syntactic pattern recognition based feature recognizer. 

Kryprianou (1980) (source Chang, 1990) has used B_rep database to extract information 
concerning types of features present in an object. He identified depressions (holes) and 
protrusions (bosses) in the prismatic parts. A rule based system has been used to identify 
GT codes for parts. In this system, initially a face set data structure is constructed 
using a feature recognizer. Afterwards using feature grammar, the data is parsed and 
features are recognized. Srinivasan and Liu (1985) have proposed definitions for shapes 
(symmetric in nature) produced by machining centers using pattern grammars. Thus, 
machining processes are identified directly for 2-D components. 

Li (1988) used syntactic pattern recognition method to identify turning features for 
axi-symmetric components from their 2-D profiles. Pattern primitives are predefined, and 
pattern string is developed by travelling the 2-D profile from left to right. This pattern 
string is compared with the predefined pattern string to recognize the turning features. In 
this system, each feature is required to be pre-defined initially. Features present on the 
slant surfaces of a component cannot be identified. Sahay et al., (1990) have developed a 
system to identify the features present on the slant surfaces from the 2-D profile of the 
axi-symmetric rotational components. Initially, types of faces present in the profile are 
identified along-with information about the adjacent faces. Then the features are classified 
into simple and complex features. These features are identified by comparing with the 
predefined primitive turning features. 

State transition diagram and automata approach for feature identification is sim- 
ilar to that of syntactic pattern recognition process. Here the part geometry is described 
by sweeping operations and/or the union of sweeping volumes. The generating surface 
is described by ordered pattern primitives, along with technological information and ap- 
proach direction. The machining feature on the generating surface is recognized using a 
state transition diagram. For a step and slot, the state transition diagram is shown in Fig. 
1.20. In this approach, instead of using grammars and primitives, relationships of adjacent 
pattern primitives are used by assigning a value of zero to convex adjacency and one for 
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Figure 1.20: State transition diagram for step and slot (Chang, 1990). 


concave adjacency. Within the class, classification is done by feasible approach. Iwata et 
al., (1980) used this transition approach to identify features in their CIMS/PRO system. 
Milacic (1985) used rules for developing grammars for members of the part family, and 
composite rules for the part family by combining the rules of part family members. These 
composite rules are called automata. Given the grammar of the part, its classification is 
done by testing it against the composite rules. 

The above two approaches are meant only for simple parts, and grammar for the prim- 
itives should be defined before these approaches are employed to recognize features. 

Decomposition approach decomposes the geometric model of an object into several 
smaller volumes to recognize features. Woo (1982) has developed the idea of alternative 
sum of volumes (ASV) technique to represent an object by a series of convex components 
with alternating signs (for volume addition and subtraction). ASV represents feature 
primitives of the component, and is used for 2|-D components developed by B_rep. De- 
composition approach is given in Fig. 1.21. In this, the raw material is considered as a 
convex hull C , and the difference between the convex hull and the part P is called H. In 
the next iteration, P is replaced by H, and C is determined for this H and the process of 
finding H is repeated until H is a null set, or a cycle is detected. 

Ferreira and Hinduja (1990) have used convex hull based feature recognition method 
for 2|-D components created by B_rep solid modeler. Convex hull is determined for the 
object, and edges within the convex hull belonging to faces forming a feature are determined 
along-with edges of inner loops and concave edges. Features having common geometric 
characteristics are merged, and then manufacturing features are identified. Features are 
identified by considering one face at a time rather than the entire component. The approach 
direction to the part is also identified. Kang and Woo (1991, parts 1 and 2) have given 
algorithm aspects in their part-1 paper, while the part-2 paper deals with the cause of the 
non-convergence of ASV process. The complexity of the proposed algorithms has also been 
discussed in the papers. 
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Figure 1.21: Derivation of AS V series. 

Decomposition approaches have been used in the generation of NC cutter path (Okino 
and Kubo, 1970., Armstrong, et al., 1984), and in the generation of face topologies for 
components created in wireframe modeling (Agarwal and Waggenspack Jr., 1992). The 
major disadvantage of the decomposition approach is that it may produce smaller features 
which are unrealistic in nature from the manufacturing point of view. Therefore separate 
feature recognition is required to identify the manufacturing features. 

Logic approach is associated with an expert system. In this method, the topological 
structure of features is written into logical rules. The components are usually created by 
B_rep geometry models. Henderson and Anderson (1984) developed a production rule by 
means of which the topological and geometrical information of the manufacturing features 
are captured. The production rules are in the form given below : 

If Ci, C 2 , C3, ..., then A. 

where C\, C 2 , C 3 , ..., are conditions, and A is the manufacturing feature. Production 
rules are simple to write for 2-D and 2|-D components, but difficult for 3-D components. 
From the search point of view of features, logic approach is inefficient and computationally 
intensive. Also, development of rules for intersecting features are quite difficult. Languages 
used in this system are Prolog and Lisp. 

Wang and Wysk (1988) have extracted features from a CAD database for axi-symmetric 
objects for the automated process planning (APP) system. For extracting geometric enti- 
ties from the CAD database, initially certain rules are developed. These entities are then 
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determined by another set of rules. From form features, the object is reconstructed and 
then manufacturing features are identified. Details of the algorithm and heuristics devel- 
oped are not given, van’t Erve and Kals (1986) have used an interactive system to define 
a part geometry. Manufacturing features are identified in their XPLANE-CAPP system. 

Meeran and Pratt (1993) have used Prolog language to identify manufacturing fea- 
tures of 3-D prismatic parts created in wireframe modeling. The orthographic views of a 
component are considered for feature recognition. Simple features from simple objects are 
identified. Features are extracted from the CAD database and compared with the primitive 
features defined earlier by rules. Once a feature is identified, it is deleted from the feature 
list and the process of identifying features is continued, till all the features are identified. 

Graph based approach along with rules was used by Joshi and Chang (1987, 1988), 
and Joshi et al., (1988) to identify manufacturing features for components created in B_rep 
geometric modeler. An attributed adjacency graph (AAG) for the part is determined. 
An AAG consists of a set of nodes (N), a set of arcs (A), and a set of attributes (T). 
Thus AAG is represented as G = ( N,A,T ). Each face is represented as nodes, and the 
adjacency between them is represented by arcs. If adjacent faces make concave angle, then 
the attribute of the arc is represented by 0, and if it is convex, then it is represented by 

1. An AAG of a part is shown in Fig. 1.22, and some feature instances are shown in Fig. 
1.23. 

Woodwark (1988) has provided the following ideas about the use of set theoretic ap- 
proach for recognizing features from CSG model of 3-D components. 

1. To restrict the domain of the model, that is the range of primitives and/or of orien- 
tations that they may assume. 

2. To restrict the ways in which primitives may interact spatially. 

3. To restrict the allowable forms of the set theoretic expression that defines the model. 

Marefat et al., (1990), and Marefat and Kashyap (1990) have extracted shape features 
from the B_rep polyhedral objects. They have used cavity graphs , which are developed 
to extract depressions of the intersecting features. Cavity graphs are extension of AAG, 
where in along with the explicit representation of convexity and concavity of faces, they 
represent explicitly the spatial orientation of faces relative to one another in 3-D space. 
This approach requires correct labelling of nodes, and features are searched to recognize 
from single cavity graph. Therefore, if features have several disconnected cavity subgraphs, 
then they are not recognized, as search is not carried out across the cavity subgraphs. 
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By using the destructive solid geometry (DSG) tree of a component, Gavankar and 
Henderson (1990) have identified protrusions and depressions. The component has been 
created by B-rep models, and their topological properties are used to extract features from 
the model. This approach is not suitable for intersecting features, and features that can be 
approached from more than one face of the component. Also, the algorithm is dependent 
on the type of data structure used in the CAD database. 

Shpitalni and Fisher (1991) have used quadtree encoding, and pruning the CSG tree for 
recognizing machining features for 3-D components created by CSG geometric modeler. 
In this approach, disjoint machining region comprising the total volume to be machined 
first is extracted, and then each disjointed machining region is dealt with independently. 
Machining regions are extracted by manipulating the CSG tree representing the component, 
and thus compact trees of CSG, where each compact tree representing a machining region 
is obtained. 

Corney and Clark (1991) have recognized holes and pockets connecting multiple faces 
in 2|-D objects using face-edge graph (FEG) for B_rep solid modeling. FEG are very 
large and complicated graphs, and are processed further to identify aspect face-edge graph 
(AFEG). AFEG is a subgraph of FEG after deleting nodes (also arcs incident on them), 
and their normal vector is either parallel or anti parallel to the direction of the vector 
from which the object has to be viewed or approached. This vector is called aspect vector. 
AFEG is processed further to identify machining features. The complexity of the algorithm 
in the worst case analysis is n!, where n is the number of vertices in FEG. The algorithm 
is suitable only for simple holes and the faces of the holes should be parallel to the aspect 
vector. Also, intersecting features and holes having undercuts cannot be identified. 

Gavankar (1993) has used connectivity class in edge-face graph of a part of 3-D solid 
model to extract features like holes, protrusions and depressions. These features are classi- 
fied and identified based on the topological and geometrical information obtained from the 
CAD database of morphological features (like chamfers, protrusions and depressions). This 
approach is used for prismatic parts having simple features, and the approach direction 
to the feature should be either of one or two faces only. It also requires data structure 
of multiple edge loops, and features are extracted after the faceted boundary models are 
converted into their exact form. 

Ganter and Skoglund (1993) have used a Bjrep solid model to identify features con- 
cerned with cores of casting. The cores of internal voids, single and multiple surface holes 
and boundary perturbations are identified using B_rep and graph based approach. 

Chaung and Henderson (1990) have used vertex classification and vertex-edge (V-E) 
graphs for identification of features present in components represented in 3-D by B.rep 
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solid modeler. Vertices of the solid model are classified by analyzing the topology and 
geometric properties surrounding the vertices. The nodes of the V-E graphs representing 
the vertices are labelled in accordance to their type. The graphs of the shape primitive 
patterns are labelled and these graphs representing single regional patterns are matched 
with the pattern graph and subgraph of the component to recognize the features. The 
disadvantage of this approach is that there is no one-to-one mapping between VE graph 
and its corresponding regional graph representing morphological information. To apply 
this approach, convexity and concavity of edges connecting vertices of the B_rep model 
should be sorted in the database. 

1.3.2 Feature recognition for sheet metal components 

In the previous section, the current literature review of feature recognition for rotational 
and prismatic parts is given, and in this section, state of the art of the feature recognition 
for sheet metal components is given. Features are recognized from the CAD database 
obtained from the following geometric modelers : 

1. Wireframe modeler, 

2. B_rep solid modeler, and 

3. CSG modeler. 

Also, in few cases feature based design and structural description of sheet metal com- 
ponents are used for feature recognition. 

TulkofF (1981) (Source, Chang and Wysk, 1985) has developed a variant process plan- 
ning system for sheet metal components of Lockheed. Ehrismann and Reissner (1988) have 
developed AIS-CAD system. This is a rule based expert system, which suggests the most 
economical way of manufacturing a flat sheet part, and the system generates NC codes. 
The processes considered are stamping, laser cutting, or combinations of both stamping 
and laser cutting. However, these papers do not give any detailed information regarding 
the approaches used to identify the features required for process planning. 

Raggenbass and Reissner (1989, 1991) have used an expert system approach for recog- 
nizing the geometry of a part for automatic generation of a complete NC production plan 
for stamping, laser cutting, or for the combination of both the processes. The part is cre- 
ated by a wireframe modeler. The contours of the part are subdivided into inner contours 
and edges. It distinguishes between known (i.e., well defined) shapes (like circles, squares, 
rectangles and extended holes) with special attributes and unknown (i.e., not well defined 
or irregular) shapes. The decision module of the system selects one of the manufacturing 
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variant, i.e., complete stamping, laser cutting with movable table, laser cutting with mov- 
able head, and the combination of stamping with laser cutting. The selection is dependent 
on the complexity of the part geometry, the number and complexity of the inner contours, 
the number of parts to be manufactured, the number of parts to be produced from a sheet, 
required dimensional accuracy, surface quality and the thickness of the sheet metal. Tools 
are selected for known shapes by rule-based techniques, such that the required contour 
can be obtained in one or two blows of the punch. For unknown shapes requiring more 
than two blows, the tools are selected on the collision consideration. A laser operation is 
selected for the entire contour if it has arcs which cannot be produced with the available 
tools. The system considers only two manufacturing processes. Also, only 2-D layouts of 
similar components are considered for recognizing features. 

Nnaji et ah, (1991), and Kang and Nnaji (1993) have given a set of principles for 
extracting and recognizing features from sheet metal parts created by solid modeling using 
graph theoretic concepts. The component is represented by a 3-D solid model, and features 
are recognized by modifying the boundary information. The entities are grouped and the 
sheet is flattened. The features are classified based on their face orientation into two 
main categories viz., passage and non-passage, and are used as the basis for recognizing 
pressworking features. The criteria used are Euler formula, topological configuration, and 
angle between the feature faces of the components. A set of principles is developed by 
studying the face oriented representation of features, and concepts are derived by relating 
the geometrical form with the manufacturing process. All the features of sheet metal 
pressworking operations are not identifiable. Also, the features are identified from a single 
component, after converting the 3-D solid model into a 3-D face oriented representation. 

Hoffmann et al., (1992) have developed a system called MINICAP (a CAP system 
for modular automated NC integration) for the generation of bending sequences and as- 
signment of tools for a die bending machine. The sheet metal parts are developed by a 
dedicated part modeler. In this modeler, the volume model of a sheet is converted into foil 
type of body. The material thickness which is retained as an attribute to the foil body, is 
used in the development of original volume model, so that the bending zones are converted 
from sharp bends present in the foil body into radius bends. The bend zone is represented 
as edges with attributes representing geometrical and technological data. The combination 
of part modeler and expert system technique is used to generate a feasible sequence for 
components that can be manufactured on a die bending machine only. The system also 
simulates the bending process. 

Smith et al., (1992) have developed FCAPP/SM, a feature-based relational database 
system for semi-generative process planning of sheet metal parts. The feature based system 
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has been developed using clipper language. The relational database has two main divisions, 
one for part and the other for keeping the records for each feature present in the part. 
The parts are represented by features generated through individual operations, and the 
operations identified are holes, slots and bends. An optimized process plan is selected using 
graph theoretic optimization by arranging all the features of the part into a predetermined 
precedence hierarchy. 

Tilley (1992) has developed a production control system for manufacturing sheet metal 
components. The sheet metal part is represented by a structured description. This de- 
scription is translated into operations which are classified as needed and alternative types. 
The process planning system has been divided into three stages viz., 

• During the initial tool selection, all possible manufacturing methods will be consid- 
ered 

• Based on the list of methods, the scheduler selects a machine or a group of machines 
for producing the part 

• Based on the machine characteristics (set up, turret size, etc.) and the set of available 
tools, the individual tools and manufacturing methods are selected in real time 

Tools required for nibbling operation are selected manually. Details of the procedure 
followed for the selection of tools for other shearing operations are not given. 

Vidlicka (1993) has developed a computer aided manufacturing system for finding the 
bending sequence, after developing the flat pattern of the 2^-D part. The system takes 
the part information interactively from its left hand open sided end, on the basis of point 
to point, and the part should be of open type. 

Palani et al., (1994) have developed a knowledge based simulation approach for sheet 
metal forming called intelligent design environment (IDE). In this, the part is defined by its 
geometry through the CAD interface. Neither the geometric modeler used for this purpose, 
nor the features identified from the part are given in the paper. Lin and Peing (1994) have 
investigated the application of expert system in sheet metal bending design. The bending 
features are input to the system interactively. 

de Vin et al., (1994) have generated bending sequences for sheet metal components in 
a CAPP environment. This system is a part of the bigger system called PARTS-S, which 
is entitled the automated process planning for small hatch part manufacturing , based on 
form features and the technology of sheet metal processes. The system considers punching, 
nibbling, laser welding, laser cutting and air bending. Information regarding the CAD 
system, and the type of CAD interface is not given, except stating that the features are 
imported from the external CAD system via a CAD interface. 
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Lentz and Sowerby (1994) have extracted holes from sheet metal components present in 
the convex, concave or in the intersection of these regions. The component is represented 
in the CAD database by B_rep modeler. The part is divided into convex, concave and 
transition regions (Lentz and Sowerby, 1993). Using modified face adjacency hypergraph 
(MAFH), two methods have been suggested. One for extracting convex holes, and the 
other for extracting general cylinder and general cone type of holes. 

1.4 Scope and statement of purpose 

Survey of the available literature reveals that the research in the area of feature recognition 
for sheet metal parts is not significant, even though they form a very significant part of 
the metal working processes, and are also widely used in almost all types of industries. 

The current literature on feature recognition for sheet metal components indicates 
that most of the researchers have used solid modeling for feature recognition. They have 
converted the component created by the solid modeler into a foil type of component by 
neglecting its thickness, and then the pressworking features are identified. The combination 
of geometric information about the component and graph based approach provides a good 
platform to recognize features created by the solid modeler. 

However, in practice, most of the industries use wireframe modeling to represent sheet 
metal components because wireframe modeling is easy to create and it can represent the 
sheet metal components unambiguously. In the present work, the ambiguity of wireframe 
modeler is overcome by representing the 2-D component or its layout (Fig. 1.24(a)) by 
the plan- view neglecting the thickness of the raw material, and in case of 3-D sheet metal 
component (Fig. 1.24(b)), the part is represented by the mean plane. Also, 3-D components 
considered are of open type (Fig. 1.24(b)). Using the world coordinate system or after 
converting the working coordinate system of entities into the world coordinate system, 
entity groups are identified using graph theoretic concepts. Additional information required 
for finding the location about entities and their groups are developed by using set theory 
and graph based approach. This helps in taking the decision about which entity groups 
are inside and which are outside with respect to one another. Also, entities present in 
each plane are identified. Thus the complete data structure of the physical entity i.e., 
component is developed from the simply itemized collection of vertices and edges in the 
CAD database. Other advantages of wireframe modeling are associated with the cost of 
hardware and software. Also, combination of geometric information about the component, 
along with set theory and graph theory are used to recognize pressworking features from 
the CAD database. 

The literature review also reveals that in the feature recognition process, usually form 
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features are identified first from the design database, and then manufacturing features. 
In case of sheet metal components, form features produced during pressworking operations 
depend on tool shape, size and force applied on it, and not on the relative movement between 
the tool and workpiece as in case of conventional metal cutting operations. Therefore, in 
the present work, manufacturing features are identified directly from the design database. 
Further, pressworking operations like cutoff, notching, parting, shearing and slitting are 
also dependent on the parameters like, type of raw material (coil, sheet and strip), type 
of layout and direction of layout. These operations and parameters are not considered in 
most of the research work present in the literature on recognition of pressworking features 
for sheet metal components. These aspects are considered in this research work. 

The overall objective of the present work is to recognize pressworking (manufacturing) 
features directly and automatically from the CAD database generated for a 3-D component 
and/or a 2-D component layout created by a wireframe modeler. The process of recognizing 
features involves the development of a set of generalized principles by reasoning and relating 
them geometrically and topologically using set theory and graph theory concepts. 

The specific objectives of the present work can be stated as follows : 

• To recognize pressworking features, by the proposed methodology, it is required to 
determine the classification system of features for developing a set of principles 
for characterizing them. Characterization of features helps in identifying them au- 
tomatically from the CAD database in a hierarchical way. To classify pressworking 
features, the pressworking operations have to be classified first, as the features are 
directly related to the operations. Therefore, a classification system for operations is 
proposed, which is subsequently extended for classification of features. 

• To identify shearing and forming features, along-with the geometrical parameters, 
directly from the CAD database of the component and/or part layout created flexibly 
in wireframe modeling. The features so identified will give alternative methods by 
means of which a component can be manufactured from the raw material. 

• To develop the flat pattern for a formed component by taking thinning effect into 
consideration for recognizing shearing and forming features. 

• To show the capabilities of the proposed methodology for identifying the shearing 
and forming features from the nested layout and the component respectively, with 
the help of illustrative examples, and real life components. 
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1.5 Organization of the dissertation 

The dissertation is organized as follows : 

Chapter 1 introduces the importance of feature recognition and discusses the various 
techniques of geometric modeling available. Literature review on feature recognition for 
rotational, prismatic and sheet metal components is given. At the end, scope and statement 
of purpose are given along with the organization of the dissertation. 

Chapter 2 discusses the present and proposed classification systems for sheet metal 
components and pressworking operations. Definitions of various terminologies used in the 
present work are also given. 

Chapter 3 discusses the methodology for the generation of a graph for a given compo- 
nent/part layout represented by the wireframe model and identification of subgraphs in 
the graph. A methodology for identifying the nature of the component (i.e., 2-D or 3-D) 
of the given drawing is also discussed. 

Chapter 4 discusses the identification of feature sets, component set, and their elements. 

Chapter 5 discusses the characterization of various shearing features, and their recog- 
nition process. 

Chapter 6 discusses the characterization of various forming features, flat pattern devel- 
opment of a 3-D component, and identification of shearing features from the nested layout 
developed from the flat pattern. 

Chapter 7 deals with the implementation of the above feature recognition methodology. 
It presents the outputs obtained for a few real life components and/or layouts. 

In the last chapter, conclusions of the present work, and possible future extensions of 
this research work have been given. 



Chapter 2 


Classification Systems for Pressworking 
Features 

2.1 Introduction 

The term classification indicates grouping of objects with respect to certain criteria. The 
selection of criteria is based on the end use of the classification system. Objects present 
in a group or a family will have similar type of characteristic attributes. Classification of 
objects generally helps in the following areas (Gallagher and Knight, 1973) : 

• Reduction of component numbers and feature varieties 

• Simplification of process planning, estimating and costing 

• Grouping of components for production 

• Analysis of production procedures to remove anomalies 

• Analysis of costing and estimating data to remove anomalies 

Classification system also helps in tracing objects and identifying them from a group of 
objects or parts manufactured. 

There are numerous types of classification systems that have been reported in the 
literature (Altan, 1983; Gallagher and Knight, 1973; Kang et al., 1993; Lascoe, 1988; 
Meinel, 1945; Nnaji et al., 1991; Groover, 1992). However, no individual system can be 
adopted as an universal one, as each system is developed with different criteria and for 
different purposes. 

In mechanical engineering, the two major areas viz., design, and manufacturing (Groover, 
1992), use different types of classification systems for codification of parts. The parts are 
classified into three categories based on part design and manufacturing attributes viz., 
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1. Systems based on part design attributes, 

2. Systems based on part manufacturing attributes, and 

3. Systems based on both part design and manufacturing attributes. 

The attributes of a part with respect to design and manufacturing typically included 
in classification systems are given in Table 2.1. 


Part Design Attributes 


Basic external shape 

Major dimensions 

Basic internal shape 

Minor dimensions 

Length / Diameter ratio 

Tolerances 

Material type 

Surface finish 

Part function 


Part Manufacturing Attributes 

Major process 

Operation sequences 

Minor operations 

Production time 

Major dimensions 

Batch size 

Length / Diameter ratio 

Annual production 

Surface finish 

Fixtures needed 

Machine tools 

Cutting tools 


Table 2.1: Design and manufacturing attributes typically included in classification systems 
(Groover, 1992). 


In this chapter, the classification systems for pressworking features for automatic recog- 
nition from CAD database have been discussed. The next section of this chapter gives 
existing general classification systems for sheet metal components and processes, and the 
proposed general classification system for pressworking operations. In the subsequent sec- 
tions, definitions used in the present work for recognizing pressworking features are given, 
and the existing and proposed classification systems for shearing and forming operations 
and features are discussed. 
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2.2 General Classification Systems for Sheet Metal 
Components and Processes 

Classification systems are categorized into two types viz., classification systems for sheet 
metal components, and classification systems for pressworking processes. 

2.2.1 Classification systems for sheet metal components 

The three major general classification systems (Gallagher and Knight, 1973) for sheet metal 
components used for codification purpose are : 

1. Puschman classification system, 

2. Opitz classification system, and 

3. Salford classification system. 

These three systems are based on overall and secondary shape feature criteria of compo- 
nents. 

2.2.2 Classification system for pressworking processes 

Pressworking processes are broadly classified into shearing and forming. Lascoe (1988) has 
classified sheet metal pressworking processes into four categories, viz., shearing, forming, 
drawing, and squeezing. The criterion used by Lascoe for classifying the processes is based 
on the working of metals. Table 2.2 gives the classification system for the same. The 
two types of classification systems for components and processes mentioned above are not 
suitable for automatic feature recognition from a CAD database, since the systems do not 
help in classifying a component either topologically or geometrically, and hence the design 
information cannot be translated into manufacturing information. 

Nnaji et al., (1991) and Kang et al., (1993) have proposed a face oriented feature 
classification system (Fig. 2.1) for sheet metal fabrication of 3-D components created by 
B_rep solid model. The criteria used are : 

1. Euler formula for features, is used for detecting whether a feature is a passage or 

2. Topological configuration of the feature, and 


3. Angle between the feature faces. 
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I Shearing operations 

a. Blanking 

b. Notching 

c. Parting 

d. Perforating 

e. Piercing 

f. Punching 

g. Trimming 

II Forming operations 

a. Beading (Embossing) 

b. Bending 

c. Curling 

d. Forming 

e. Flanging 

1 . Stretch flanges 

2. Shrink flanges 

3. Reverse flanges 

III Drawing operations (Deep drawing) 

IV Squeezing operations 

a. Coining 

b. Extrusion 

c. Forging 

d. Sizing 

e. Swaging 


Table 2.2: Classification system of sheet metal pressworking processes (Lascoe 


1988). 
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In the above classification system, the nested layout is not considered. Hence outside 
features i.e. , operations performed outside the boundary of a component are not considered 
in case for shearing operations. Also in case of forming, features like deep drawing, spinning, 
and contour roll are not considered. 


2.2.3 Proposed classification systems for pressworking processes 
and features 

In view of the above shortcomings, a classification system (Fig. 2.2) has been proposed 
for pressworking processes to recognize features automatically. Based on this system, a 
classification system for entity groups is also suggested (Fig. 2.3). Information on entity 
groups is extracted from the CAD data base created by a wireframe model. 

Pressworking operations are broadly classified into two categories viz., Shearing and. 
Forming. These are classified based on the topology of a form feature produced in the 
component by pressworking processes. 

Definitions and figures of various shearing and forming operations are given in Appendix 
A and Appendix B respectively. 

Shearing operations are those, in which the work material is stressed beyond its elastic 
limit and fractured, when the ultimate strength is exceeded. Shearing features produced 
on a component and/or nested layout by pressworking operations are of two dimensional. 

Forming operations are those, in which the work material is stressed above its elas- 
tic limit, but below its ultimate strength. The pressworking operations change the two 
dimensional work material into three dimensional part. 

A general classification system for recognizing pressworking features from a CAD database 
of a component and/or layout is given in Fig. 2.3, where all the entity groups together por- 
tray a component and/or nested layout. Entity groups are categorized into two classes, 
viz., two dimensional and three dimensional. The entity groups represent subgraphs of a 
component graph and/or nested layout graph. The graph of a component and/or nested 
layout is of planar type. 

Two dimensional entity groups represent the presence of shearing features, and every 
vertex of a subgraph is less than or equal to 3 degree. Whereas a three dimensional entity 
group represents the presence of forming features, and some of the vertices of the subgraph 
will be greater than or equal to 3 degree. 
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Figure 2.1: Feature classification for sheet metal application (Nnaji et al., 1991) 
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- LANCING 

- NIBBLING 

- NOTCHING 
PARTING 
PIERCING 
SHAVING 
SHEARING 
SLITTING 
TRIMMING 



- CONTOUR ROLL 


- CURLING 

- DEEP DRAWING 

- DIMPLING 

- EMBOSSING 

- FLANGING 

- FORGING 

- HEMMING 

- IRONING 

- JOGGLING 

- LOUVERING 

- NECKING 

- NOSING 

- SIZING 

- SPINNING 

- STRETCHING 

- SWAGING 


Figure 2.2: General classification system for pressworking processes. 
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FEATURES FEATURES 


Figure 2.3: General classification system for pressworking features. 

2.3 Definitions 

Definitions related to sheet metal components and/or nested layout are given below. These 
definitions use the plan of a 2-D nested layout and the mean plane of a 3-D component (Fig. 

2.4) created by the wireframe model. Here the thickness of the sheet metal is neglected. 
The definitions are explained below : 

Entity : An entity is an arc (a), circle (c), line (/), or a polyline (p). 

Vertex ( v ) : A vertex is a point, center of an arc or a circle, or a point of intersection 
of a set of edges. 

Degree ( d ) : The degree of a vertex is the total count of all its incident edges (Deo, 
1990). In Fig. 2.4(p), vertices v u v 2 , ..., v 9 are of degree 2, t> 10 , ..., v l2 are of degree 3, 
and u 13 is of degree 0. 

ncave vertex ( ) . A vertex is concave, if the following condition is satisfied. 
A straight line joining any two points (one on each adjoining line), arbitrarily close 

to the vertex has all the points outside the component. (Graves et al., 1989 source 
Sahay et ah, 1990). 








Convex vertex (+) : Under similar conditions as in concave vertex, if all the 
intermediate points are inside the component, then the vertex is convex. (Graves et. 
al., 1989, source Sahay et al., 1990). 

Edge (e) : An edge is an undirected line segment or arc, and connects two distinct 
end points (Deo, 1990). 

Graph (G) : A graph is a set of edges and vertices of a component and/ or nested 
layout, such that no two edges have a point in common which is not a vertex. 

Cycle or Loop ( L ) : A cycle or loop is a closed sequence of edges in which the 
each edge appears once and every vertex is of degree two (Deo, 1990). In Fig. 2.4(b), 
/l, 12 , ..., a5, a4, al, a2, a3 forms a loop. 

Face or plane (P) : A face is an ordered, oriented cycle of edges, such that all of 
the edges in a given cycle are shared with one and only one another cycle in a graph 
(Deo, 1990). 

Parent subgraph ( g p ) : A parent subgraph is a component of the graph. Geomet- 
rically all other components of the graph will be inside the parent subgraph. 

Child subgraph ( g c ) : Child subgraph is also a component of the graph, however, 
geometrically the child subgraph is inside the parent subgraph. 

Feature (/): A feature represents a group of entities in an ordered form, which can 
be produced by sheet metal pressworking operations. 

Feature set ( F ) : A feature set consists of features and forms a spatially disjoint 
subgraph of features in case of shearing operation feature. F = {/i, / 2 , •••, /g} in 
Fig. 2.4(a) represent features set. 

Raw material feature set ( R ) : A raw material feature set consists of a feature, 
such that all other features of the feature set lie inside it. Geometrically, its projected 
length along X and Y directions are maximum among all features. Every vertex of 
the graph is less than 3 degree. R = {/ x } in Fig. 2.4(a). 

Boundary feature set ( B ) : A boundary feature set is made up of features (also 
called as parent features) other than the feature included in the raw material feature 
set. These features does not lie inside any feature other than the element of R. The 
vertices of the feature subgraph are less than or equal to 3 degree. B = {/ 2 , ...,/s} 
in Fig. 2.4(a). 
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Inside feature set ( N ) : An inside feature set consists of features (also called 
as child features ) which are not included in raw material feature set and boundary 
feature set. Also, the verities of the feature subgraph are less than or equal to 3 
degree. N = {/ 6 , ...,/<>} in Fig. 2.4(a). 

Component set ( C ) : A component set consists of components. The element of the 
component set is in turn a set consisting of a parent feature and child features located 
inside the parent feature. C — {ci,...,c 4 } in Fig. 2.4(a), where ci = {f?, fe}] ■■■-, c 5 = 
{f 5-1/9}. 


2.4 Classification system for shearing operations and 
features 

f 

The proposed classification system for shearing operations (Fig. 2.5) help in automatic 
feature recognition process from CAD database. Shearing operations are classified into 
three categories viz., 

1. Inside operations, which are performed within the boundary of a component, 

2. Boundary operations, which are performed along the boundary of a component, and 

3. Outside operations, which are performed outside the boundary of a component. 

Inside and boundary operations are further categorized into rough and/or semifinish, 
and finish operations. Rough and/or semifinish operations are those operations for which 
conventional dies readily produce parts within a total tolerance of 0.05 mm to 0.25 mm, 
depending on the accuracy of the dies and the condition of the press (Metals Handbook, 
Vol.4, 1969). Finish operations are required for parts requiring a total tolerance lower than 
that of mentioned above (i.e., of higher accuracy). 

In the proposed classification system, nibbling, shaving, and trimming operations are 
further categorized into blanking and piercing type viz., pierce nibbling, blank nibbling, 
pierce shaving, blank shaving, pierce trimming, and blank trimming operations. These 
categories are again based on the performance of operations in a component. For example, 
if nibbling operation is performed to get an ob round hole in a component, the operation is 
called pierce nibbling. On the other hand if nibbling is performed to get the blank of the 
component, then it is called blank nibbling. Similarly other operations are also classified. 

Based on the classification system for shearing operations, shearing features are clas- 
sified. The proposed classification system for shearing features is given in Fig. 2.6. The 
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Figure 2.5: Classification system for shearing operations. 
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Figure 2.6: Classification system for shearing features. 
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two dimensional features are classified into two categories viz., raw material feature and 
shearing features. 

Raw material feature represents the type of raw material used for a component or nested 
layout. The three types of raw material features considered are coil, sheet, and strip. 

Shearing features represent group of entities in an ordered form, and these features 
are produced by shearing operations. Shearing features are further categorized into three 
categories viz., 

1. Inside features (or child features), which are present within the boundary of a com- 
ponent, 

2. Boundary features (or parent features), which are present along the boundary of a 
component, and 

3. Outside features, which are present outside the boundary of a component. 

2.5 Classification system for forming operations and 
features 

The classification systems available in the literature for forming operations are discussed 
below : 

Meinel (1945) (source: Sachs, 1966) has classified formed sheet metal parts into five 
categories (Table 2.3), based on the contour of the finished part. The system is generally 
meant for use in aircraft industries. The parts that appear in the border line of two or 
more categories are classified on a quantitative basis, rather than qualitative basis. 

Altan et al., (1983) have classified sheet metal forming processes into five categories. 
They have also used the contour of the finished parts as the criterion for classification, and 
their proposed classification system is given in Table 2.4. 

The above classification systems are not useful in the environment of automatic man- 
ufacturing feature recognition from a CAD database, since the systems do not classify 
the finished parts or processes based on either topology or geometry of the sheet metal 
components. Hence it is not possible to automatically transfer the design information into 
manufacturing information. 

In view of shortcomings of the existing classification systems, a new classification system 
is proposed for forming operations (Fig. 2.7). This system helps in converting automatically 
the design information from a CAD database into manufacturing information. The criteria 
used are : 
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I Singly curved parts 

a. Straight sections 

b. Straight flanged parts 

c. Single-curvature, smoothly contoured parts 

II Contoured flanged parts 

a. Parts with stretch flanges 

b. Parts with shrink flanges 

c. Parts with reversely contoured flanges 

III Curved sections 

a. Slender curved sections of uniform cross-sectional contour 

b. Compact curved sections 

c. Slender curved sections on nonuniform cross-sectional contour 

IV Deep-recessed parts 

a. Deep-recessed parts with vertical walls 

1. Cup-shaped parts 

2. Tubular parts 

3. Box-shaped parts 

b. Deep-recessed parts with slopping walls 

1. Closed parts with sloping walls 

2. Open parts 

3. Semi-tubular parts 

V Shallow-recessed parts 

a. Double-curvature, smoothly contoured parts 

b. Dish-shaped parts 

c. Beaded, embossed, and corrugated parts 


Table 2.3: Sheet metal classification system based on the contour of finished parts (Sachs, 
1966). 
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I Bending and Straight flanging 

a. Break bending 

b. Roll bending 

II Surface contouring of sheet 

a. Contour stretch forming (Stretch forming) 

b. Andro forming 

c. Age forming 

d. Bulging 

e. Creep forming 

f. Die quench forming 

g. Vaccum forming 

III Linear contouring 

a. Linear stretch forming (Stretch forming) 

b. Linear roll forming (Roll forming) 

IV Deep recessing and flanging 

a. Spinning (and roller flanging) 

b. Deep drawing 

c. Rubber pad forming 

d. Marform process 

e. Rubber diaphragm hydroforming 

V Shallow recessing 

a. Dimpling 

b. Drop hammer forming 

c. Electromagnetic forming 

d. Explosive forming 

e. Joggling 


Table 2.4. Classification system for sheet metal forming processes, based on the contour of the 
finished parts (Altan et al., 1983). 
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Figure 2.7: Classification system for forming operations. 

1. Preceding operation relationships, and 

2. Number of planes of a component subjected for forming operations. 

Based on the preceding operation relationships criterion, forming operations are further 
categorized into initial, and subsequent operations. 

Initial operations are those, which do not have any preceding operation and are per- 
formed on the work material to obtain near net shape of a component. 

Subsequent operations are those, which are required for obtaining the final shape of the 
component and are performed only after initial operations have been carried out. 

Initial operations are further classified into two divisions based on the number of planes 
of a component simultaneously used during a forming operation. They are : 
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1. Single plane operation, performed on only one plane of a component, and 

2. Multi-plane operation, performed on more than one plane of a component simulta- 
neously. 

Operations of single plane type are categorized into three classes based on their location 
in a component. They are : 

• Inside plane operation, performed within the plane of a component 

• Between planes operation, performed between two planes of a component 

• End plane(s) operation, performed at an end plane(s) of a component 

Multi-plane operations are categorized into two divisions based on the number of planes 
used during the operation, viz., 

• Few-planes operation, performed on a few planes of a component simultaneously 

• All-planes operation, performed on all planes of a component simultaneously 

Based on the above proposed classification system for forming operations, classification 
system for recognizing forming features from 3-D entity groups is given in Fig. 2.8. Features 
present in 3-D entity groups are classified into three types viz., parent subgraph feature, 
child subgraph feature, parent-child subgraph feature. These features are present in their 
respective subgraphs of the component graph. 

Parent features are further categorized into single plane features and multi-plane fea- 
tures. Single plane feature is present in only one face (or plane) of the parent subgraph of 
a component, where as multi-plane feature is present in more than one face (or plane) of 
the parent subgraph of a component 

Single plane features are categorized into two classes. They are : 

• Between planes feature, present between two planes of the parent subgraph of a 
component 

• End planes feature, present at end planes of the parent subgraph of a component 

Similarly multi-plane features are categorized into two divisions. They are : 

• A feature present in a few planes of the parent subgraph of a component is called as 
few planes feature. 

• A feature present in all the planes of the parent subgraph of a component is called 
as all planes feature. 
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Figure 2.8: Classification system for forming features. 

\ 












Chapter 3 


Graph Generation and Subgraph 
Identification 

3.1 Introduction 

A graph is defined as a set of edges and nodes with no two edges having a point in common 
which is not a vertex. Therefore, a graph is in essence a wireframe model minus the point 
coordinates and edge equations, i.e., the geometric information. In Fig. 3.1(a), a nested 
layout of a sheet metal component in 2-D, created using wireframe model is given and 
Fig. 3.1.(b) shows the graph of the same. Similarly, a sheet metal part created in 3- 
D using wireframe model and its graphical representation are given in Figs. 3.2. (a) and 
3.2(b) respectively. From these figures, it can be seen that the wireframe and graphical 
representations are similar. Due to this similarity of topology between the part/component 
layout created in wireframe model and the graph of the same, the graph theoretic concepts 
have been used in the present work. In a wireframe model, the connectivity between 
entities is not maintained in the database. Also the flexibility of a designer /draftsman is 
not constrained in the creation of a component/part layout in the present work. Therefore, 
the graph of the component/part layout cannot be established directly from the database 
because the standard data interchange (DXF) output file of AutoCAD Release-10 is used 
as input to the system. To get connectivity between the entities, repeated vertices between 
entities have to be determined and should be merged into one vertex. Thus, the graph 
of the component /part layout obtained will satisfy Euler’s formula for wireframe model 
representation. From the component /part layout graph, vertex adjacency (VA) matrix is 
obtained. Using VA matrix as input to the system, vertices present in the entity groups 
are determined by vertex fusion methodology. The entity groups represent the subgraphs 
of the component/part layout graph, and thus, the subgraphs of component/part layout 
graph are determined. With the help of degree of vertices present in t 

A*. Mm. A) 


* »• t. KANPUrt 


51 







53 


of a component/part layout is determined, i.e., whether the graph is established for a 2-D 
part layout, or for a 3-D component. 


3.2 Definitions 

The following definitions of graph theoretic concepts (Deo, 1990; Ganter and Skoglund, 
1993; and Agarwal and Waggenspack Jr., 1992) are not meant to be exhaustive, but are 
given to provide a common vocabulary (a few are repeated from Chapter 2) to aid the 
clarity of discussion. 

Edge : An edge is undirected line segment or arc, which connects two end points. 

Node : A node is an end point for any given number of edges. 

Degree : The degree of a vertex is the total count of all its incident edges. For example, 
the degree of vertex v\, V 4 , and v\$ in Fig. 3.2(b) are 2, 3, and 0 respectively. 

Path : A path is an alternating sequence of nodes and edges (node, edge, node, ..., 
node, edge, node) that initiates at one node and terminates at another, and in which no 
vertex or edge occurs more than once. All vertices will have degree two, except for the two 
terminal nodes, which have degree one. In Fig. 3.1(b), edges present between the vertices 
v 57 , t> 58 , U59, and u 60 along with vertices represents a path. 

Cycle : A cycle (loop or circuit) is defined as a closed path, in which the initial vertex 
is also the final vertex. Every intermediate vertex of the closed path will have a degree of 
two, and appear only once. Edges present between V 25 . U26> v 2 i- : and U28 ■> along with the 
vertices represents a cycle in Fig. 3.1(b). 

Connected graph : A graph is said to be connected, if there exists a path between 
any two vertices of the graph. 

Disjoint graph : A disjoint graph (disconnected graph) is the one in which there exists 
no path between two graphs, and these components of the graph are called subgraphs. 

Adjacent vertices : Two vertices that share an edge are said to be adjacent to one 
another. Vertices iq and t >2 in Fig. 3.2(b) are connected by an edge, and hence are adjacent 
to each other. 

Topology : This is defined as a formal study of those properties of space that remain 
invariant under a class of geometric transformation. Thus it provides wide class of shapes, 
irrespective of their exact geometry. 
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3.3 Types of entities used and assumptions made 

Wireframe model is used in the creation of sheet metal part/component layout, and entities 
considered are given below : 

1. An arc is associated with center coordinates, radius, start angle and end angle, i.e., 
v c , rad, 0 S , and 6 e respectively as shown in Fig. 3.3. 

2. A circle is represented by center coordinates (u c ) and radius (rad). In Fig. 3.3, v c and 
rad represent the geometrical information available from the database for a circle. 

3. A line is associated with start and end vertices. v\ and v 2 represent the start and 
end vertices respectively in Fig. 3.3. 

4. A polyline consists of series of vertices for lines (uj, v 2 , v$, and u 4 in Fig. 3.3) and 
an arc segment is associated with start vertex (vi), end vertex (v 2 ) and bulge ( bl ), 
where bulge is the tangent of one fourth of the included angle ( 6 ) (i.e., tan (6/ 4)) of 
an arc segment as shown in Fig. 3.3. 

While generating part/component layout, the following assumptions are made : 

1. Drawing of a 2-D part for an optimum nested layout created in wireframe model 
representing the plan view is given as input to the system. 

2. Drawing of a 3-D component created in wireframe model representing the mean 
plane of the component is given as input to the system. 

3. Entities are drawn only once. The graph of the layout adheres to the Euler s formula 
for wireframe model (Wilson, 1985). This implies that 

V-E + L-2M = 0 (3-1) 

where V,E,L and M represent the number of vertices, edges, loops and models 
respectively. 

4. In coil type of raw material, the components drawn are just sufficient in number 
required for representing the optimum nested layout along length and the entity 
representing the end of the coil is not drawn. 

5. Thickness of the component /layout is neglected while creating the wireframe model. 
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Figure 3.3: Entity names, and their geometrical and graphical representation. 
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3.4 Identification of duplicate vertices 

Various entities considered for the present research is given in Fig. 3.3, along with their ge- 
ometrical and graphical representation. From Fig. 3.3, it can be seen that if an entity group 
is made of polylines, then duplicate vertices are not present in the database. Since vertices 
are given in the order in which the entities have been created, the connectivity between 
edges or information about adjacent vertices is obtained directly from the database. In 
case of a circle, there is only one vertex, which represents the center coordinate, and hence 
duplicate vertices are not present. The circle entity represents by itself an entity group. In 
case of arcs and lines, duplicate vertices have to be identified, since individual entities have 
their own geometrical information. However, information on connectivity between entities 
is absent. 

In case of an arc, the geometrical information available are center coordinates, radius, 
start angle and end angle. Information about start vertex and end vertex is not available. 
Therefore, for every entity arc, its start and end vertices are determined as given below : 

Let v c and rad denote the center coordinates and radius of an arc respectively obtained 
from the database. Let v s and v c represent start and end vertices respectively. The x and 
y coordinates of the start vertex (v* and v y s , respectively) are given by 

v x s = v x ± rad cos(9 s ) (3.2(a)) 

± rad sin(9 s ) (3-2(6)) 

where v* and are x and y coordinates of the center of an arc and 9 S is its start angle. 
Similarly, x and y coordinates of end vertex (v x and vf) are given by 

v x = v* ± rad cos(9 e ) (3.3(a)) 

v v = v y ^ rad sin{9^j (3-3(6)) 

where 9 e is the end angle of the arc under consideration. 

In the above equations, 9 S and 9 e are measured in the counterclockwise direction, with 
East or X axis direction as a reference direction (Fig. 3.4). Also, positive or negative sign 
in eqns. (3.2) and (3.3) is dependent on the quadrant in which the arc starts and/or ends. 
In eqns. (3.2(a)) and (3.2(b)), positive sign is considered if 9 S lies in I or IV quadrant, and 
negative sign if 9 S lies in II or III quadrant. This rule is also true for 9 e in eqn .3.3. 
Every arc and line entities have start vertex and end vertex. Therefore, in the database 
few vertices may be same. Hence, duplicate vertices have to be determined. Two vertices 
are said to be same, when their three coordinates ( x , y, and z ) are equal, i.e., 
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Figure 3.4: Arc measurement direction. 

Vi = Vi> 3 v f 


i 7^ i' (3.4) 

where u,- and v[ are vertices belonging to the vertex set Vd having duplicate vertices. The 
superscript x , y , and z of v : and u,/ represent the x , y , and z coordinates of the vertices, 
respectively. 

For example, for the sheet metal component shown in Fig. 3.5(a), the edges are made of 

lines and arcs. The edge set (E d ) of the component before duplicate vertices are determined 
is given by 

Ed = {ej, e 2 , e 3 , e 4 , e 5 , e 6 , e 7 , e 8 , e 9 , ei 0 , en} 

and the element of edge set are duplex, having start vertex and end vertex as their elements, 
i.e., 

e i — e 2 = {u3,t>4}, e 3 = {n 5 ,n 6 }, eg = {uizjUis}) ^io = {yi9,v 2 o}, and 

e xi = { y 2i}- The vertex set V d for the edge set E d is given by 
V d = {vi,V-2,V 3 ,V 4 ,V 5 ,Ve,V7, ...,u 2 i}. 

After duplicate vertices are determined and deleted from the set V d , the remaining 
vertex set is called as V d >. For the component graph shown in Fig. 3.5(a), duplicate vertices 
are removed and again labeled. The relabeled component graph is given in Fig. 3.5(b), 
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Figure 3.5: Component graph representing vertices and edges : (a) Graph before duplicate 
vertices are identified, and (b) Graph after duplicate vertices are identified, deleted and relabeled. 
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and the set V# is given below : 

V d > = {vi,V 2 ,V 3 ,V 4 ,V 5 ,V6,V 7 ,V8,V 9 }. 

The edge set Em of the component after duplicate vertices are identified, and relabeled 
is 

Ed< = {ex,e 2 ,e 3 , e 4 , e 5 , e 6 , e 7 , e 8 , e 9 , e 10 , en}, and the duplex elements of edge set (£ d /) 
are given by 

= {ui, v 2 }, e 2 = {v 2 , ^ 3 }, e 3 = {u 3 , v 4 }, •••, e 9 = {u 8 , ^ 4 }, eio = {^ 3 , ^ 7 }, and 

Cll = {^g,!^}. 

Thus, repeated vertices in a database are determined, and the component graph given 
in Fig. 3.5(b) adheres the Euler’s formula given in eqn. 3.1, i.e., 

V — E + L — 2M = 9 — 11 + 6 — 4 = 0 

where number of loops (T)is determined according to the Maze algorithm (Wilson, 1985). 

3.5 Labelling of nodes and edges in the lexicograph- 
ical order 

The vertices identified and labelled Section 3.4 are randomly ordered. Therefore, the 
vertex set V# of the component is also randomly ordered. This is due to wireframe model 
representation of the component/part layout, and flexibly created entity groups as well 
as entities within an entity group. The nodes of the graph (i.e., vertices) are labelled in 
lexicographical order, so that the direction and position of the components in the nested 
layout can be identified. The edges of the graph are also labelled in the lexicographical 
order which helps in the sequencing of edges in a graph, and for identifying pressworking 
features. 

Vertices v t and are said to be in lexicographical order, if u t - precedes u,/, i.e., 

Vi -< Vi> if vf < v*, or 

if v z x — v*,, and v v x < v x , or 

if vf = vf, vf = vf, and vf < vf. (3.5) 

Similarly the duplex edges e m and e m / are said to be in lexicographical order, if e m 
precedes e m >, i.e., 

e m E e m i if v SiTn < v, }Tn > or if v, iTn = v 3iTn ,, and v e<m < v e<m > (3.6) 

where start and end vertices (i.e., and v etTn , respectively) are ordered in the duplex 
edge set e m , such that u s , m precedes v e<m of the m tfl edge. 
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3.5.1 Lexicographical ordering of vertices 

In lexicographical ordering, vertices are initially sorted based on z coordinate values in 
ascending order. Then vertices of equal values of z coordinate are further sorted based on 
y coordinate values in ascending order. Again, for vertices having equal values of 2 and y 
coordinates, the vertices are sorted based on x coordinate values in ascending order, and 
the nodes of graph are labelled accordingly. 

For example, the coordinate values of the elements of randomly ordered vertex set V# 
of Fig. 3.5(b) are given in Fig. 3.6(a). The elements of V# are lexicographically ordered 
(in accordance to eqn. (3.5)), and are given in Fig. 3.6(b). The vertex set 14, given in Fig. 
3.6(b) represents the lexicographically ordered vertex set. (u 5 , v e , ug, u 8 , n 7 , u 4 , V3, Vi, u 2 ). 
The vertices (elements) of the set V/ 0 are again labeled such that the indices of the elements 
are in the ascending order (u x , u 2 , v 3 , tq, u 5 , V6, w 7 , u 8 , vg), and this vertex set is denoted by 
V as given in Fig. 3.6(c). 


3.5.2 Lexicographical ordering of edges 

In lexicographical ordering of edges, the vertices of edges are again labeled in accordance 
with the the vertex set V. These vertices in an edge are rearranged such that the first 
vertex of an edge precedes the second vertex in the vertex set V . The first vertex is called 
start vertex (v S}Tn ) and second vertex is called end vertex (u e ,m) in a mth edge, and this 
rearranged edge set is denoted by E ar . The edge set E ar is then lexicographically ordered 
in accordance to the eqn. (3.6) and the lexicographically ordered edge set is denoted by 
Eio . The edges (elements) of E \ 0 is again labeled such that the indices of the elements are 
in ascending order, and this edge set is denoted by E. 

For example, the elements of randomly ordered edge set Ed' of Fig. 3.5(b) is given in 
Table 3.1. The elements (vertices) of edges belonging to the edge set E# are rearranged, 
and the edge set E ar is obtained (Table 3.2). This edge set E ar is lexicographically ordered 
(in accordance to eqn. (3.6)), and the elements of the edge set Ei 0 
(e 5 , e 8 , e6, e n , e 7 , ei 0 , e 3 , e 4 , e 2 , e x ) 

determined is given in Fig. 3.7(a). The edge set Ei 0 is again labeled such that the indices 
of the elements are in the ascending order 
(e x , e 2 , ^3) ^4) ^5) ®7j ^8) e 9 ; ®10? ®ll)} 

and this edge set is denoted by E as given in Fig. 3.7(b). 
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V 1 > v 2 ,v 3 ,v 4 , V 5 ,V 6 ,V ? ,V 8 ,V g 
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Figure 3 6- (a) Randomly ordered vertex set and its coordinate values, (b) Lexicographtcally 
ordered vertex set, and (c) Component graph and vertex set after labeling of lexicographically 
ordered vertex set again. 





63 


e 5 = \v 1y v z \ e 7 = \v 4 ,v 5 \ e 4 = \v 6 ,v 8 \ 

eB = \v 1 ,v 4 \ e 9 = \v 4 ,v 6 \ e 2 = \v 7 ,v 9 \ 

e 6 = j ^2 , 1>5 | e 10 = \ v 5 ,v 7 \ 6 7 — ■ \ ^8 > ^9 ^ 

en=\v a ,v a \ e 3 = \v 6 ,v 7 \ 



l 

\ 


Figure 3.7- (a) Lexicographically ordered edge set, and (b) Component graph and edge set 
after relabeling the above edge set 
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e,^\v a ,v g \ e 5 = \v 1 t v 2 \ e 9 = \v 4 ,v B \ 

ea = {v 9 ,v 7 \ e 6 = \v 2 ,v 5 \ e 10 = \v 7 ,v 5 \ 

e 3 = \v ? ,v 6 \ e 7 = \v 5 ,v 4 \ e ri =\v 3 ,v 3 \ 

2 4 r= \ v 6> v a\ e 8 = \v 4 ,v 1 \ 

E = \ e t > e 2 < &3’ e 4’ e 5' e 6’ e 7> e 8’ e 9> e i0’ e tl\ 

Table 3 1. First and second vertices of the edges are labeled according to the lexicographically 
ordered vertex set 


e 1 = \v 8 ,v 9 \ 

e 5 = \v 1t v 2 \ 

e 9 

= \V4’Ve\ 

e 2 — \v 7 ,v a ^ 

e 6 = \V 2 ,V S \ 

2 10 

= | V 5 , v 7 ^ 

e 3 = \v 8 ,V 7 \ 

*7 = \v 4 ,V s \ 

*11 

= \ v 3' v 3\ 

e 4 = \Vb>Vb\ 

e B = \v 1t v 4 } 




E ar — | 2 1 > 2 2 . e 3’ e 4’ e 5i e 6’ e 7 ' e 8’ e 9> e i0’ e tl\ 


Table 3.2' First and second vertices of the edges are rearranged 



65 


Thus, the lexicographically ordered vertices and edges of the component graph of Fig 
3 5(b) are shown in Fig 3 7(b). 


3.6 Connectedness and subgraph identification 

Vertices present in a component/part layout graph, satisfying the Euler’s formula are 
obtained from Section 3 4, but vertices present m each entity group (i e connectivity), 
and entity groups (i.e subgraphs) are not available directly from the database or from 
the lexicographical ordered vertices and edges Therefore, by fusion methodology (Deo 
1990), connectedness and subgraphs m the component/part layout graph are determined. 
A pair of vertices are said to be connected, when an edge is present between them, i.e , 
they should be adjacent vertices. Subgraphs are disjoint graphs, i e , there is no existence 
of path between two graphs of the component /part layout graph 

In the fusion process (Deo, 1990), a pair of vertices v 3 and V 4 m a graph are fused 
(merged) and the two vertices are replaced by a single new vertex U34, such that every edge 
that was incident on either of vertices V 3 or u 4 or on both is incident on the new vertex 
Thus fusion of two vertices does not alter the number of edges, but it reduces the number 
of vertices by one (Fig 3 8) 

In the following section, fusion methodology for determining connectedness and sub- 
graphs of a component /part layout is given 

3.6.1 Fusion methodology 

In fusion methodology, initially, vertex adjacency (VA) matrix is obtained for the graph 
and any vertex can be considered as a starting point for fusion process All the vertices 
adjacent to the vertex under consideration are fused. The fused vertex is considered for 
further processing and all the vertices adjacent to it are fused The process of fusion is 
repeated until no more vertices can be fused. This indicates that a connected component 
has been fused to a single vertex If this exhausts every vertex of a graph, the graph is 
said to be connected and it does not have any subgraph. Otherwise, fusion process is 
continued with another new vertex (in a different subgraph) Thus, vertices present m an 
entity group, and different entity groups present in a component/part layout are identified 
and the flowchart for the same is shown m Fig. 3.9 

In this fusion methodology, the maximum number of fusions that may have to be 
performed is (n v - 1), where n v is a number of vertices present m a graph. In each 
fusion, utmost n v logical additions may be performed Therefore, the upper bound on the 
execution time is proportional to (n v ( n v — 1)). 
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For a component /part layout graph, a vertex adjacency matrix is obtained by analyzing 
edges A vertex is said to be adjacent to another vertex if an edge is present between them 
Let the lexicographically ordered vertex set V of the component graph be made of 
vertices v t , where i belongs to /, i.e., 

V = {v t | i G /} (3-7) 

where I is a set of subscripts of vertices (elements) of a vertex set V. An element of the 
set V is a triplet having x, y, and z coordinates, and is represented as : 

v, = {v?,Vi,v*} (3 8) 

The vertices are connected by edges. Let a duplex edge e m be the Tn t ' ri element of 
lexicographically ordered edge set E, having start vertex (u 3 , m ) and end vertex (v e>m ) as 
its elements, i e , 

E = {e m | m G M}, (3 9) 

and 


— (^a,TTi5 

e m = {vx,m,Vx',m} * € /, i 6 /, and / ^ i, V m £ M. (3 10) 

In eqns. (3.9) and (3.10), M is the set of subscripts of edge set E and v a<rn precedes 
w e>m In eqn. (3.10), u t , m and u,/, m represent v Sim , and u fi , m respectively. 

Thus, two vertices are said to be adjacent, when vertices v hm and iv, m are present in 
an edge e m 

From the edge set E , a VA matrix is obtained. For the Fig. 3 2(a), the component 
graph after the lexicographical ordering of vertices and edges is shown in Fig. 3.10(a), and 
the VA matrix is given in Fig 3.10(b). In the VA matrix, if the vertices are adjacent to 
each other, then the value of the cell is denoted by T’, else by ‘O’ (represented by an empty 
cell in the VA matrix), i.e., 

{ 1 if v, G e m , and v[ € e m 
0 otherwise 

t € I, i G /, and i' £ \ V m G M (3.11) 

where a t y indicates the value of i th row and i' th column of the VA matrix. 

Implementation 

During implementation of fusion methodology, discarding the specified row and column 
of the fusing vertex is difficult and time consuming. Therefore, rows and columns are 




- 





- 

1 

I 


1 

- 


id edges 
e compo 
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ordered vertex set V The d(v ,) is determined from the VA matrix as stated below . 


d(v t ) = a «.*' V 

V i 


(3 12) 


If d(v ) is / — then the graph is for 2-D component/part layout 

| otherwise the graph can be either for 2-D or for 3-D component 

Vi <E I (3 13) 

If d{v l ) > 2, then plane equations are determined at the vertex v t by vector normal 
method, with the help of edges incident at the vertex. 

Let e m /, e m » and e m w be three edges incident at the vertex v t , whose d(v t ) is ‘3’. The 
plane equations are determined by finding vectors along the edges The vectors are given 
by 

Km' = « - t£)t + (K - t,J) j + « - vt,)k (3.14(a)) 

Km" = « - V x x „)i + (v? - vl')j + « - <„)* (3 14(6)) 

Km'" = « - V*„)i + (K - + (v z x - v*„,)k (3 14(c)) 


where u,<, v,», and iy» are other vertices of the three edges e m <, e m », and e m m respectively. 

For example, in Fig. 3.11(a), d(y 3) and d(u 5 ) are ‘3’, and the start and end vertices of 
edges (e 4 , e 5 , e 6 , e 8 , e 9 , and ei 0 ) incident on vertices v 3 and v 5 are given below : 
e 4 = {u 3 ,i; 4 }, e 5 = {u 3 ,u 7 }, e 6 = {u3,un}, e 8 = {u 5 ,n 6 }, e 9 = {^5,^9}, and 
eio = {^5,^13} 

In Fig. 3.11(b), there are six vertices (115, .., tqO), having degree as ‘3’. The start and 
end vertices of edges incident on the vertex, say v 5 is given below 

e 2 = ^7 = {U5,V6}) C 8 = {U5,U 7 }. 

Similarly, edges incident on other vertices can be obtained from the Fig 3.11(b) 

The edge vectors determined from eqn. (3 14) can lie in the same plane or in different 

t —t 

planes. This is determined by finding the normal vectors ( NV ) to the edge vectors ( Km', 
Km", and Km'" ) by cross product, with reference to one of the edge vectors Let Km' be 
the reference vector Then normal vectors NVm',m"i and NV m \m>" are given by : 


NV m'.m'" 


= Km' X Km", (3.15(a)) 

= Km' X Km'"- (3 15(6)) 


and plane equations are given by 
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NV m\m" X + NV^ im „y + NV’, tm „Z = CV m ', m » 


(3 16(a)) 


NV m\m'" x + NV^, tm ,„y + NV£, tmM z = CV m , iV 


(3.16(d)) 


If the coefficients in plane eqns (3 16(a)) and (3 16(b)) are equal, then the edges lie in 
one plane only (i e , the graph represent 2-D component, Fig 3.11(a)), else they belong to 
different planes (i.e , the graph represent 3-D component, Fig 3.11(b)) The flowchart for 
identifying the nature of component/part layout is given m Fig. 3 12 



Construct vertex adjacency (VA) matrix 
for component/part layout graph 

3Z ~ 

Determine vertices and edges present in 
graph/subgraphs of the component/part 
layout graph 


Subgraph count j = 1 

.. 

/ 

Select vertex 

v x in 5 Ij 


Compute d(v % ) £ (a %% ' j VV 

such that v z in g j 


Find the edges incident on the vertex v z of 


Find vectors along all the edges incident on the 
vertex v z of g y as its base 

( Km = - vf.) ?+ (v\ - ]-*+ (vl - V*) i?) 


Select a vector V zrr i as a reference vector 


Compute normal vector V ^ ^ between reference vector 

and vector along the edge by cross product for all vectors 

"V*.- <m* Km 


Plane equation for the normal vertor 
is determined as 

NV m,m' x + NV ^m'V + M V m,m’ z 


C V m.m’ 


Figure 3.12 Flowchart for identifying the nature of the drawing given as input to the system 














Figure 3 12 Flowchart for identifying the nature of the drawing given as input to the system 
(continued) 







Chapter 4 

Generation and Identification of Feature 
Sets 


4.1 Introduction 

A set is a well defined list, collection or class of objects. The objects can be anything 
. numbers, people, letters, rivers, etc., (Lipschutz, 1981) In the present work, a set is 
defined as a collection of features, such that its 2-D geometrical shape can be produced 
by sheet metal pressworking operations (defined in Section 2 3) Various definitions of set 
theoretic concepts are given in Appendix C, which axe not meant to be exhaustive but to 
provide common vocabulary to aid the clarity of discussion. 

In this chapter, initially minimum enclosing rectangle (MER) for entity groups is de- 
termined. Using MER along with ray containment test, entity groups representing 2-D 
component layout are classified into three categories viz , raw material feature set, inside 
feature set, and boundary feature set. Subsequently, the component set and features in a 
component are identified. 

4.2 Classification of the feature set 

Subgraphs of a component graph are identified (Section 3.6) and each subgraph represents 
a feature. For example, consider the component shown in Fig. 4.1(a), and its layout graph 
given in Fig 4.1(b) 'The vertices and edges, labelled in the graph are lexicographically 
ordered in accordance with the procedure discussed in Section 3.5, and the list of vertices 
is given in Table 4.1. The total number of subgraphs (features) identified in the above 
nested layout graph (Section 3.6) are eleven. Vertices belonging to each feature are given 
m Table 4 2. 

The layout consists of entity groups (features) representing raw material, and compo- 
nents The components in turn have entity groups representing its boundary and internal 
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Vert No 

X 

y 

rad /bul 

start ang 

end ang 

1 

13 0000 

202 0000 

- 

- 


2 

200 0000 

202 0000 

- 

- 

- 

3 

25 0000 

212 0000 

- 

- 

— 

4 

50 0000 

212 0000 

- 


— 

5 

65 0000 

212 0000 

__ 

- 

- 

6 

160 0000 

212 0000 

- 

- 

— 

7 

183 0000 

212 0000 

- 



8 

190 0000 

212 0000 

- 

- 

- 

9 

23 0000 

217 0000 

- 

- 

- 

10 

53 0000 

217 0000 

- 

- 

— 

11 

38 0000 

220 0000 

- 

- 

- 

12 

95 0000 

222 0000 

_ 

- 

- 

13 

115 0000 

222 0000 

- 

- 

- 

14 

120 0000 

222 0000 

- 

- 

- 

15 

140 0000 

222 0000 

- 

- 

- 

16 

147 0000 

222 0000 

_ 

- 

- 

17 

155 0000 

222.0000 

- 

- 

- 

18 

33 0000 

225 0000 

- 

- 

- 

19 

35 0000 

225 0000 

- 

- 

- 

20 

40 0000 

225.0000 

- 

- 

- 

21 

43 0000 

225 0000 

- 

- 

- 

22 

147.0000 

227 0000 

- 

- 

- 

23 

155 0000 

227 0000 

- 

- 

- 

24 

147.0000 

232 0000 

- 

- 

- 

25 

155 0000 

232 0000 

- 

- 

- 

26 

80 0000 

237 0000 

10 0000 

- 

- 

27 

147.0000 

237 0000 

- 

- 

' 

28 

155 0000 

237 0000 

- 

- 

- 

29 

33 0000 

240 0000 

- 

- 

- 

30 

43.0000 

240 0000 

- 

- 

- 

31 

95 0000 

242 0000 

- 

- 

- 

32 

115 0000 

242 0000 

- 

- 

- 

33 

120 0000 

242 0000 

- 

- 

- 

34 

140 0000 

242 0000 

- 

- 

- 

35 

147 0000 

242 0000 

- 

- 

- 

36 

155 0000 

242 0000 

~ 

- 

- 

37 

38 0000 

246 0000 

3 0000 

- 

- 

38 

23 0000 

247 0000 

- 

- 

- 

39 

53 0000 

247 0000 

- 


- 

40 

147 0000 

247 0000 

- 

- 

- 

41 

155 0000 

247 0000 

- 

- 

- 

42 

160 0000 

247 0000 

- 

- 

_ 

43 

183 0000 

247 0000 

- 

- 

- 

44 

25 0000 

252 0000 

- 

- 

- 

45 

50 0000 

252 0000 

- 

- 

- 

46 

65 0000 

262 0000 

- 

- 

- 

47 

190 0000 

262 0000 

- 

- 

- 

48 

13 0000 

272 0000 

- 

- 

- 

49 

200 0000 

272.0000 

- 

- 

- 


Table 4 1- List of vertices after lexicographical ordering for component layout shown in Fig 4 1 
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Feature No 

Vertex Nos 

and its degree 

i 

1(2) 

2(2) 

48 (2) 

49 (2) 

2 

3(2) 

4(2) 

9(2) 

10 (2) 


38 (2) 

39 (2) 

44(2) 

45 (2) 

3 

5(2) 

6(2) 

7(2) 

8(2) 


42 (2) 

43 (2) 

46 (2) 

47 (2) 

4 

11(2) 

18 (2) 

19(2) 

20 (2) 


21 (2) 

29(1) 

30(1) 


5 

12 (2) 

13 (2) 

31 (2) 

32 (2) 

6 

14 (2) 

15 (2) 

33 (2) 

34 (2) 

7 

16(2) 

17 (2) 

22 (2) 

23 (2) 

8 

24 (2) 

25 (2) 

27 (2) 

28 (2) 

9 

26 (0) 




10 

35 (2) 

36 (2) 

40 (2) 

41 (2) 

11 

37 (0) 





Table 4 2 Vertices present in various feature sets 

features (like pierced holes and lancing features). Let F be a feature set having its ele- 
ments as raw material feature and features representing components. A component feature 
in turn consists of a boundary feature and inside features. The sets containing raw material 
feature and component features are represented by raw material feature set (Z2), and com- 
ponent set ((7), respectively. Similarly, the sets of boundary features and inside features 
are denoted by boundary feature set (J3), and inside feature set (N), respectively. Thus, 
the feature set F is given by 

F = R U C, (4.1) 

and 

C = B U N. (4.2) 

Therefore, feature set F is 

F = R U B U N (4 3) 

The elements of various feature sets are determined in two levels : 

1. In the first level, Minimum Enclosing Rectangle (MER) for each feature in the feature 
set is determined This is general in nature. MER is the minimum raw material 
required to manufacture a feature. 

2. In the second level, geometry of the MER and ray containment test are used to 
identify the type of feature (i.e., raw material feature, boundary feature, or inside 
feature), and the component set. Ray containment test (Burger and Gillies, 1990) is 
a technique used to determine, whether an arbitrary point lies inside or outside the 
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given polygon, by means of the intersection of line segments. Thus, the second level 
is domain specific. 

In the following section, determination of MER for features (i e. entity groups) is given 


4.3 Minimum enclosing rectangle (MER) for features 

Minimum enclosing rectangle (MER) for a feature is determined, such that its sides are 
parallel to the X and Y axes. Therefore, for any feature, its MER will have four vertices 
and four edges Vertices are determined by finding the maximum and minimum coordinate 
values of the feature along X and Y directions 
The feature set F is also represented by 


F = {f, 1 ] e J), 

(4.4) 

where f 3 is j ih feature of the feature set F, and J is set of subscripts of features 

Maximum and minimum x coordinate values for j th feature in F are represented as 
v max,j an d v^ tnj respectively Similarly, maximum and minimum y coordinate values of 
j th feature in F are represented as and v v min V respectively 

u* _ , = max (vf) 

max ’ J v.eVj v ' ' 

u* , = rmn (uf) 

W) 

= gw 

V J 6 J 

(4.5) 

where uf and nf represent x and y coordinate values, respectively of 
represents vertex set of j ih element (feature) of F. 

Thus, the four vertices of the MER for features are given by : 

I th vertex ( v ), and V 3 

(v x v v ) 

u rmn,j/ 

(4 6(a)) 

(v x V? ) 

rmmj) u max,j) 

(4.6(6)) 

(v x v y ) 

\ u maxji u max,jJ 

(4.6(c)) 

(v x v y ) 

vmaijJ u mxn } jJ 

(4 6(d)) 

V j 6 J. 
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Feat No 

Vl 

V2 

Vs 

V4 

1 

13 000 

202 000 

13 000 

272 000 

200 000 

272 000 

200 000 

202 000 

2 

23 000 

212 000 

23 000 

252 000 

53 000 

252 000 

53 000 

212 000 

3 

65 000 

212 000 

65 000 

262 000 

190 000 

262 000 

190 000 

212 000 

4 

33 000 

220 000 

33 000 

240 000 

43 000 

240 000 

43 000 

220 000 

5 

95 000 

222 000 

95 000 

242 000 

115 000 

242 000 

115 000 

222 000 

6 

120 000 

222 000 

120 000 

242 000 

140 000 

242 000 

140 000 

222 000 

7 

147 000 

222 000 

147 000 

227 000 

155 000 

227 000 

155 000 

222 000 

8 

147 000 

232 000 

147 000 

237 000 

155 000 

237 000 

155 000 

232 000 

9 

70 000 

227 000 

70 000 

247 000 

90 000 

247 000 

90 000 

227 000 

10 

147 000 

222 000 

147 000 

227 000 

155 000 

227 000 

155 000 

222 000 

11 

35 000 

243 000 

35 000 

249 000 

41 000 

249 000 

41 000 

243 000 


Table 4.3 Coordinates of vertices belonging to MER of features 

Four edges of MER parallel to X and Y axes are given by the lines formed by joining 
the above equations m cyclic order. The coordinate values of vertices belonging to the 
MER for each feature of the layout shown in Fig 4.1 are given in Table 4 3, and they are 
determined using eqn. (4 5) MER and ray containment test are used to determine the 
type of features, and hence the various feature sets 

In the following section ray containment test is explained to determine the containment 
of a feature inside the other feature. 


4.4 Ray containment test for features 

In ray containment test, the intersection of line segments is used to determine whether an 
arbitrary point P (Fig. 4.2) lies inside or outside the given polygon (Burger and Gillies, 
1990) The mathematical model of the ray containment test for a polygon is given in 
Appendix D 

The number of times a ray (i e. horizontal line) crosses the polygon edges is counted 
by solving the eqn. D 4. If the count is odd, then the point P(x,y ) is said to be contained 
and if it is even, then the point P(x,y) is said to be outside the polygon 

At procedural level, there are special cases that cause difficulties. A ray HL emerging 
from a point P may meet the edges of the polygon in any one of the ways represented in 
Fig. 4 3, i e , the ray may intersect the edge (Fig. 4.3(a)), pass along an edge (Fig. 4.3(b)), 
or pass through a vertex (Fig. 4.3(c)). To get the desired results, different numerical values 
are assigned to these cases. The numerical value assigned for crossing an edge is one (Fig. 
4.3(a)). If the ray passes along an edge (e 2 in Fig. 4.3(b)), the other two edges (ei and 
63) which meet the edge (ea) through which the ray passes, are analyzed. If these edges 
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Figure 4.2: Ray containment test to determine whether a point (P) is contained in a polygon 
or not 

(ei and e 3 ) lie on the opposite sides of the horizontal ray (Fig 4 3(b(i))), then a numerical 
value of one is assigned, and if they lie on the same side of the ray (Fig. 4.3(b(ii)) and Fig 
4 3(b(in)), then a numerical value of two is assigned. If the ray passes through a vertex 
(t> 2 in Fig. 4.3(c)), and if two edges of a polygon meeting at the vertex under consideration 
lie on the opposite sides of the horizontal ray (e a and e 2 in Fig. 4.3(c(i))), then a numerical 
value of one is assigned. On the other hand, if the edges (ei and e 2 ) lie on the same side of 
the ray (Fig. 4.3(c(ii)) and Fig 4.3(c(iii))), then a numerical value of two is assigned. By 
taking these factors into consideration, a method for finding, whether a feature is inside or 
outside of the polygon is given below : 

Let 

Pji = duplet vertex, representing x and y coordinates belonging to a feature /y, 
whose containment has to be tested with other feature f 3 
I 3 — set of subscripts of vertices belonging to j th feature 


The ray containment test is carried out for the feature /y , such that the horizontal ray 
H Lji passes through the vertex Py. The ray equation is given by : 

HL 3 > = Py + a* * (A* > 0) (4-7) 


and the line equation of edges of feature f 3 is given by 

U 3 = V t + u (Kfi - V t ) 


(4 8) 


t € I 3 
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Figure 4.3. Various ways a horizontal ray intersects with edges of a polygon . (a) Intersecting 
an edge, (b) Passing along an edge, and (c) Passing through a vertex. 



85 


The intersection of the ray and line segments of the polygon is expressed by the vector 
equation 

HL y = 4 (4 9) 

l e , 

Pj, + Ii7=v t + V (K + i - v % ) t e fa (4 10 ) 


Above equation is solved for // and u, and 

Tr n , _ . , | true , intersection occurs ,, 

If u > 0 and 0 <j/<1 = <,, , A (4-11) 

~ ~ [ false , intersection does not occur 

Number of times the ray intersects the edges of the feature f 3 under consideration 
is counted Let Ncy represent the sum of the values assigned to the total number of 
intersections between the ray H~Ly emerging from the j' th feature and the edges of the j ih 
feature 


If Ncj< = 


odd, feature /y belongs to the feature fa 
even, feature /y does not belong to the feature f 3 . 


(4.12) 


In this way, a feature /y belonging to (i.e., located inside) another feature fa is determined 
uniquely. 

The above ray containment test for features is explained with an example. Consider 
the features shown m Fig. 4 4. Let fa and /3 be the features for which it is required to 
determine whether they are located inside the feature fa or not. Let a horizontal ray 
(HL f 2 ) start from the vertex vg, which belongs to the feature fa. This ray intersects the 
feature fa at vertices vr and v$ (Fig. 4.4), which is determined by following the above 
procedure. The value is assigned to each intersection as per the rules given above, and the 
sum of the values assigned to the total number of intersections {N Cf 2 ) is two. Therefore, 
feature fa is outside the feature fa m accordance to the eqn (4.12). Similarly, consider a 
horizontal ray ( HLf 3 ) starting from the vertex U 15 , such that iqs belongs to the feature 
fa. The ray passes along an edge whose vertices are and vn in feature fa. Now, the 
the sum of the values assigned to the total number of intersections (Nc/ 3 ) counted as per 
the above rule is one Therefore, feature fa is inside the feature fa m accordance to the 
eqn (4 12). Thus whether a feature is contained in another feature or not is determined 
uniquely 

In the following section, procedure for the identification of features is discussed. In this 
procedure, both MER and ray containment test are used. 
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Figure 4.4 - Ray containment test to determine whether a feature is contained in another feature 
or not. 


4.5 Identification of various feature sets 

The entities in the wireframe modeler are created randomly in a component layout, ac- 
cording to the assumptions stated in Section 3.2. Due to this, even after identifying the 
entity groups, it is not possible to obtain direct information from the component layout 
about the type of feature (i e. raw material feature, boundary feature, or inside feature) it 
is made of Hence, for every feature its type has to be determined from the feature set F. 
Therefore, a mathematical model has been developed for identifying the feature type from 
the set F, by relating the features geometrically and topologically. Following notations are 
used in the development of the procedure for identification of various feature sets. 

= element of the boundary feature set. 

= boundary feature set. 

— j tfl element of the feature set. 

= feature set. 

= subscript of a vertex 

j set of subscripts for the vertices of an entity group. 

= subscript of an entity group. 

= set of subscripts of the feature set elements. 

= subscript of a component set. 

= set of subscripts of the component set elements. 

= projected length along the axis. 


b 

B 

fj 

F 

i 

k 

J 

J 

k 

K 

len 



87 


max 

min 

n 

N 

T 

R 

Vx 

V 

x 

y 


subscript for the maximum value 
subscript for the minimum value 
element of the inside feature set 
inside feature set 

element of the raw material feature set 
raw material feature set 
i th vertex of the vertex set 
vertex set 

superscript for the x coordinate value 
superscript for the y coordinate value. 


In eqn (4.3), R, B and N are partitions of F, i e., 


1 either U = 5orfin5 = i (4 13(a)) 

2. either B = 1V or F niV = 0 (4.13(6)) 

3. either N^R or Nf)R = Q (4.13(c)) 

For classifying the feature set elements into R, B and N, initially the projected lengths 
of every element along X and Y directions are determined as given below 


2. either B = N or B n N 

3. either N = R or N f] R - 


V — 7 ; 

w max,j ^mtn j 

— v y 

max "mmj 


V 3 € J 


(4 14) 


where Zen* and ZenJ represent projected lengths of j th element of feature set F along X 
and Y axes, respectively. v^ aX)J and v^ in j represent maximum and minimum x coordinate 
values respectively, of duplet vertex V of j th element of F. Similarly, j and 
represent maximum and minimum y coordinate values respectively of the duplet vertex v 
of j th element of F. 

Maximum and minimum x and y coordinate values of an element of feature set F are 
given by : 

v max,i = max (t£) 

"L,; = rnax «) 

V Ln,j = «(<) 

'j 

V l € J 


(4.15) 
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where v* and v v l} represent x and y coordinate values respectively of the i lh vertex v of 
the j th element of F. The set J, in the eqn (4.15) representethe set of subscripts of the j th 

feature 

4.5.1 Identification of raw material feature set 

Raw material feature is defined as a feature whose projected length is maximum m both 
the directions (X and Y) among all the features Therefore, topologically raw material 
feature should be the outer most feature It may be noted that the raw material feature 
set is a single element set Mathematically the process of identification of the raw material 
feature set can be stated as follows : 

len x max = max ( len *) (4.16(c)) 

Z1X = {/, | len* = Ien* max , j € J} (4-16(6)) 

where len^ ax is the maximum projected length along X axis, and Z IX is the feature set 
whose element has the maximum projected length along X direction. 

Similarly, the maximum projected length along Y axis among all the elements m F 
(i.e , len y max ) is given by the following equation : 

len max = ma f ( IenV j) (4.17(c)) 

jeJ 

and 

ZlY = {/, | lerij = € J) (4.17(6)) 

where ZlY is the feature set whose element has the maximum projected length along Y 
direction. 

It may be noted that the elements of Z IX and ZlY sets are same, i e., 

f 3 € (ZIX and ZlY). (4.18) 

Therefore, f } in the above equation is said to be a raw material feature, and the raw 
material feature set R is given by : 


R = {r 


r = f„ f, S ZIX or f, £ ZlY, ; € J}. 


(4.19) 
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4.5.2 Identification of boundary and inside feature sets 

Boundary feature of a component is the one located inside the raw material feature of a 
component layout, and may consist of features located inside it (inside features) Thus, 
the compliment set R' of raw material feature set R. is made up of boundary features 
and inside features Therefore, boundary feature set ( B ) and inside feature set (TV) are 
partitions of R', and it is given by : 



R' = B U N 

(4 20) 

such that 

either B = N or jB fl iV = 0 

(4 21) 

The set R' 

can also be stated as 



R' = {/, R,j g /}. 

(4 22) 


Boundary and inside features are identified from set R' by the following algorithm : 

Step 1. Find the minimum enclosing rectangle (MER) and its area for each element 
of R' 

Step 2. Select a feature f 3 , such that its MER has the maximum area m the comple- 
ment set R' The feature fj belongs to the boundary feature set B. 

B — {f 3 | area of MER of f 3 is maximum m R'} (4.23) 

Step 3. Determine whether the MER of the feature fy present in the set R 1 (such that 
/y is not equal to /,) is located inside the MER of feature f 3 under consideration or not. 

Step 4. If MER of fy is not inside the MER of f 3 , then goto Step 6. 

Step 5. MER of fy is located inside the MER of f 3 By ray containment test, determine 
whether the feature /' is inside the feature f 3 or not 

If the feature fy is inside the feature f 3 , then fy is an inside feature and belongs to 
the inside feature set N. Discard this feature from the R! for further consideration in the 
identification process of elements of B and N. 

N = {fy | fy t B , fy € R'} (4 24) 

Step 6. Select another feature fy from R', and goto Step 3. The process is repeated 
till all the features are exhausted from the complimentary feature set R! . 

Step 7. Discard the feature f 3 from the complimentary set R\ since it is identified as 
a boundary feature. Goto Step 2. The process is repeated till all the elements of the R! 
are exhausted, and then stop. 
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It should be noted that the complement of raw material feature set R' is in the lexi- 
cographical order Therefore, sets B and N are also in the lexicographical order as these 
sets ( B and N ) are subsets of R'. 

4.5.3 Implementation 

During implementation, features belonging to the feature set F are not discarded from it 
after identification, but the flag attached to each feature is changed, and is not considered 
for further identification process. For every feature belonging to the inside feature set N, 
information about boundary feature in which it is located is also stored 

The part layout shown in Fig 4.1(b) consists of eleven features (/i, . ., f n ). Following 
the procedure of identification of features, feature fi is identified as an element of raw 
material feature set (R), since its projected lengths m both X and Y axes are maximum 
among all the features present in the feature set F. From the complement set R 1 , MER of 
the feature / 3 has the maximum area, and it is identified as an element of boundary feature 
set ( B ) The flag attached to the feature / 3 is changed Therefore, / 3 is not considered 
further for identification process Other features are tested for the presence of their MER 
in the MER of boundary feature / 3 . It is found out that MER of features / s , / 6 , /V, / 8 , 
fg and f w are located inside the MER of / 3 , and by ray containment test it is determined 
that features / 5 to fg are located inside the feature / 3 . Therefore, features fs to fg are 
elements of inside feature set (N), and they belong to the boundary feature / 3 . Flags of 
these features are also changed. Similarly, from the remaining elements in the set R\ it is 
found that / 2 has maximum area, and features fn and fn are located inside the boundary 
feature / 2 . Therefore, feature / 2 belong to set B, and features f\ and fn belong to set N. 
Since the determination of the type of all features is complete, the identification process 
is stopped. The output of the proposed methodology for identification process of feature 
type is given in Table 4.4. 


4.6 Identification of component set 

Component set consists of components, where each element is in turn a set of boundary 
feature and inside features. Each element can have only one boundary feature, and any 
number of inside features. Therefore, boundary feature is said to be a parent feature , and 
inside features as child features } since they are analogous to the parent and children in a 
family. 

In the previous section, features belonging to boundary feature set B and inside feature 
set N are identified. Also, parent feature of a child feature is determined. According to the 
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Feature set F 1 f f • f 2' f 3' f 4’ f 5 • f 6 ’ f 7 • f 8‘ f 9’ f 10’ f 11 ^ 

Raw material 

feature set R \ f ■] \ 

Boundary 

feature set B \ f 2' ^3 \ 

Inside 

feature set N | f^, f g , fg, f y , fg, fg, f -j q, ( 

Inside features belonging to a boundary feature 

Boundary feature f ^ f 4 > f -/ -j 

Boundary feature f 3 f 5 , f 6 , f 7 , f 8 , f g , f 1 0 


Table 4.4 Various partition sets of the feature set, and inside features belonging to a boundary 
feature 

definition of a component, each element consists of only one boundary feature Therefore, 
the number of boundary features present in B will give the number of components present 
in the layout. Therefore, a component (c) is said to be made up of one boundary feature, 
and the component may consist any number of inside features located in it, and the set c 
is given by 


c k = {fj | either /, e 5or if f 3 £ B , then it is inside f } 6 B} (4.25) 
and the component set is given by 

C = K) (4.26) 

where c k is the k th element of the component set C 

As discussed above, elements of the component set and the features present in each 
element are determined for the layout given in Fig 4.1, and the output is given in Table 
4.5 It should be noted that the cardinality of the component set is the same as that of 
the boundary feature set. For the present case, the cardinality of both B and C is two. 

The component set identified is in lexicographical order, since the boundary feature 
set B is in lexicographical order, and components are identified in accordance with the 
features of the set B. 
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Component 

Component 

Component 


set C \ c j , c 2 \ 

C 1 \ f 2 > f 4' f 11 I 

c 2 $ fs‘ f 5 ’f 6 1 f 7 ' f8' $9‘ ^10 1 


Table 4.5; Component set, and features present in the component. 



Chapter 5 


Shearing Feature Recognition System 


5.1 Introduction 


Shearing operations are very vital m industries manufacturing sheet metal components. 
Shearing operations produce 2-D form shapes without changing the nature of the com- 
ponent (i e., 2-D or 3-D) Various kinds of shearing operations used m different types of 
industries are given in Fig 2 2 

The current literature (Section 1.3.2) on shearing operations shows that, most of the 
researchers have developed systems to identify only a few of the shearing operations listed 
in Fig. 2.2 since the concept of raw material type, layout type, and position of components 
m the layout are not considered by them. Knowledge of these aspects is essential in 
the process of identification of certain types of shearing operations Furthermore, the 
above systems can recognize shearing features from layouts having only similar type of 
components. With this in view, in the present work shearing features are identified from 
the optimum nested layout created by wireframe modeler for both similar and dissimilar 
component layouts. The standard DXF output file of AutoCAD Release-10 is used as input 
to the present system 

In this chapter, the components identified in the previous chapter are further analyzed 
for identifying shearing features. Initially, position and direction of a component are de- 
termined with the help of geometry and cartesian octants in the given nested layout of 
components Then, adjacency relationship between components in the layout is deter- 
mined by developing a set of principles. With the help of raw material feature type and 
adjacency component directional relationship (ACDR) table, the type of raw material, 
layout type, and direction of layout are determined. Subsequently, recognition process for 
various shearing features is discussed. 
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4 


Figure 5 1: Adjacency directions in accordance to cartesian octants 

5.2 Generation of adjacency component directional 
relationship (ACDR) table 

The component set identified in the previous chapter is lexicographically ordered. This 
is not sufficient for identifying shearing features. To recognize these features, direction of 
components in the nested layout with respect to each other, their adjacency relationship, 
layout type, and direction of layout are also required. Therefore in the following sections, 
these information are determined. Subsequently ACDR table is generated. 

5.2.1 Determination of direction for a component with respect 
to other components 

The directional relationship of a component with respect to other components is determined 
in eight different directions according to the cartesian octants (Fig 5.1), and the directional 
set (D) (cartesian octants) is given by 

D = {d | d = 1 ,. ,8} (5.1) 

where d is the direction of a cartesian octant in the directional set D. 

Since, components have both length and width, it is difficult to determine the exact 
direction with respect to each other. Hence a heuristic procedure is developed to identify 
the direction. 

In this heuristic procedure, a vertex from the vertex set (V^) of j th boundary feature is 
selected, such that it is the first vertex in the set of the lexicographically ordered set of V r 
Thus, this vertex precedes all other vertices in Vj, provided the boundary feature consists 
of only line type of entities. This vertex is considered as the head vertex of the component 
Cfc. The direction of components between any twc^ with respect to each other is determined 
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Direction 

Direction of 1 

Direction of j 

1 

4* 

0 

2 

0 

+ 

3 

__ 

0 

4 

0 

— 

5 

+ 

+ 

6 

— 

+ 

7 

— 

— 

8 

+ 

S 

l . , 


Table 5 1 Rules for identifying the direction of an adjacent component c' k with respect to the 
base component c* 


by the directional vector obtained between the head vertices of the two components. The 
directional vector of c v component with respect to c* is represented as Dkk', and is given 

by 

Dkk' = {K, -h%)X+ {hi - h v k ) J (5.2) 

Based on the coefficients of the unit vectors (i and j) m eqn (5 2), the direction of the 
component cw w r.t Ck is determined as per the rules given in Table 5.1 (the layout is 
assumed to be in the XY plane). 

Consider the layout shown in Fig 4.1 which has two dissimilar components. The 
boundary features of components ci and are / 2 , and fz, respectively as determined 
in Section 4 6 Vertices t> 3 , and v$ precede all other vertices in the vertex set V 2 , and 
V3 Therefore they are identified as head vertices hi and /12 for the components ci and 
C 2 respectively. The directional vector D\^ (i-e. , direction of C 2 w r.t. ci) is determined 
according to eqn. (5 2), i e., 

Z?i,2 = 40 1 T 0 j . 

Since the coefficient value of 1 is positive and the coefficient value of j is zero, therefore 
the adjacent component C 2 is in the direction ‘1’ w.r t base component Ci (Table 5.1) 
Similarly, the coefficient value of 1 is negative and the coefficient value of ] is zero in D 2 , 1 , 
when ci is tested for the adjacency w.r.t. the base component C 2 Therefore, ci is in the 
direction ‘3’ w.r t. c 2 

It should be noted that, when arc type of entities are present in the boundary feature of 
a component, then pseudo vertex set ( V^) {Vj consists of pseudo vertices and the vertices 
of the vertex set V }i such that V/ is lexicographically ordered) of the feature is considered. 
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X 


v ia 


e 19 


v 19 



Figure 5 2: Component nested layout graph . (a) Layout of a 2-D component, and (b) 
Component layout graph representing pseudo vertices and features. 


From this vertex set, the vertex which precedes all other vertices for the feature is chosen 
as head vertex. 

For example, consider the component layout shown in Fig. 5.2(a). Its graph is given 
in Fig. 5.2(b). A list of lexicographically ordered vertices is given in Table 5.2. Vertices 
present in each feature, and features present in various feature sets are given in Table 5.3 
and Table 5.4 respectively. Since the boundary features / 2 , / 3 , and / 4 (Fig. 5.2(b)) consist 
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Vert No 

X 

- - 

y 

rad./bul. 

start ang 

end ang. 

1 

30 0000 

205 0000 

- 

1 

- 

2 

275.0000 

205.0000 

- 

- 

- 

3 

40 0004 

220 4997 

— 


- 

4 

75 0002 

220.5001 

30 0000 

234.3150 

305.6850 

5 

87 5004 

220 4997 

- 

- 

- 

6 

122.5002 

220.5001 

30.0000 

234 3150 

305 6850 

7 

135 0004 

220 4997 

- 

- 

- 

8 

170.0002 

220 5001 

30.0000 

234.3150 

305 6850 

9 

57 5000 

228 0000 

7.0000 

- 

- 

10 

105 0000 j 

228 0000 

7 0000 

- 

— 

11 

152 5000 

228 0000 

7.0000 


— 

12 

40 0000 

235 5000 

30 0000 

54 3150 

125 6850 

13 

75 0000 

235 5000 

- 

- 

— 

14 

87 5000 

235 5000 

30 0000 

54 3150 

125 6850 

15 

122.5000 

235.5000 

- 

- 

— 

16 

135.0000 

235.5000 

30 0000 

54 3150 

125.6850 

17 

170 0000 

235.5000 

- 

— 

— 

18 

30.0000 

251.0000 

- 

— 

— 

19 

275 0000 

251 0000 

- 

_ 



Table 5.2: List of vertices after lexicographical ordering 

of arcs, the head vertex is determined from the pseudo vertex set V', where (j — 2,3,4), 
of boundary features. The pseudo vertex is located on the entity arc, and is the point of 
intersection of arc and lines parallel to X or Y axis passing through the center of the arc. 
From the vertex set (T^'), head vertex is chosen, such that it precedes all other vertices 
m V' set Thus the vertex set V 2 ' will have all the vertices present in V 2 , and two pseudo 
vertices p u and p 2 as there are two arcs in the feature. From V 2 ', it is found out that pi 
precedes all other vertices, and hence p\ is the head vertex for c%. Similarly, pa and ps in 
Fig 5 2(b) represent the head vertices for c 2 and c 3 , respectively. The coordinate values 
of pseudo vertices p x (* = 1, .. ,6) are given in Table. 5.5. In accordance to eqn.(5.2), the 
directional vectors (£> 1 , 2 ) an d (-Di.s) °f c 2 and c 3 , respectively have positive 1 , and j 
zero Therefore, the components c 2 and c 3 are in the direction of T w.r.t. c x . Similarly, 
directions for other components can be determined 

5.2.2 Identification of adjacent components 

To determine the ACDR table, direction of a component w.r.t. another component and 
their adjacency should be known. Two components axe said to be adjacent to one another, 




Feature No. 

Vertex Nos. and its degree 

1 

1 (2) 2 (2) 18 (2) 19 (2) 

2 

3 (2) 4 (2) 12 (2) 13 (2) 

3 

5(2) 6(2) 14(2) 15(2) 

4 

7 (2) 8 (2) 16 (2) 17 (2) 

5 

9(0) 

6 

10 (0) 


Table 5 3: Vertices and their degree in the component graph 


Feature set type Feature numbers 


Raw material 

(R) 

1 



Boundary 

(B) 

5 

6 

7 

Inside 

(N) 

2 

3 

4 

Component 

(C) 

, Cj 

Cl 

Cj, 


Cl 

2 

5 



c 2 

3 

6 



C3 

4 

7 



Table 5.4: Features present in various feature sets 


Vert no. 

X 

y 

1 

57.5000 

214.8670 

2 

57.5000 

241.1830 

3 

105.0000 

214.8670 

4 

105 0000 

241 1830 

5 

152 5000 

214.8670 

6 

152.5000 

241.1830 


Table 5.5. List of pseudo vertices present in boundary features. 
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Direction 

Conditions 

i 

V max,k ^ ^mtn.k 1 

2 

D y <r d v 

u max,k ^ 

3 

%nin,Jc ^ ^ maxyk ' 

4 

^rmn,/c ^ <y mai,fc / 

5 

max,k — u Tntn t k I 

and V max ^ ^ 

6 

?!**' <T 1) X 

mtn,k — ^maXyk 1 

and V max ^ ^ ^mxn 1 k f 

7 

^mtn^k — u max ) k t 

and v y L < v y L , 

min,k — max^k' 

8 

V x > v x 

u m ax,k — ^TniTiyk 1 

and vt ,,- . < t , 

mm,K — mCLX,K 


Table 5 6 - Rules for determining the intersection between MER of components 


if there is no other component present between them. To find the adjacency between any 
two components, a heuristic approach is employed, where the minimum enclosing rectangle 
(MER) of components (i.e. boundary features) are used. A component (cjt') is said to be 
adjacent to the base component cjt, if the MER of Ck and MER of do not have MER 
of any other components between them. If MER of components under consideration are 
intersecting, then they are said to be adjacent to each other Rules for determining the 
intersection between MER of components are given in Table 5 6 If MER of components are 
not intersecting, then the minimum rectangle present between MER of the two components 
(MRBC) is determined. The rules for finding MRBC is given in Table 5.7. It should be 
noted that the MRBC is dependent on the direction of components. 


Implementation 

During implementation two components are considered to find their adjacency If they 
are adjacent to each other, then a flag value of one is assigned, else zero is assigned. 
The adjacency relationship is with respect to each other. Therefore in vice-versa case 
adjacency relationship is not determined This reduces the computational time. Also, if 




Direction 

Conditions 

Vertices list 

I 

?j*E 

— u min f k r 


= 

/ rtjK ny ^ \ 

rmax,!:’ u mtn f kJ 



U2 

= 

iVmtn^k 1 5 ^77im,ArO 



^3 

= 

(^raax,A;5 ^^(^max,fc5 ^max,^)) 



U 4 

= 


2 

v y < v y 

u max,k — u mm, A: ' 

Ui 

— 




= 

(mzn(u® 0 E,ifc5 Wm«*,fcOi U ma*,fc) 



«3 

zn 




U 4 

= 

( mm (C.t- u ma*.fc')> u mm.Jfc')) 

3 

u mtn } k — ^maX'k 1 


= 

i^maXjk 1 ? ^rntrijArO 



t>2 

= 

(^ram,fc5 




zr 

(^\nax,fcM 7nw(^ maar ^max,/;')) 



U 4 

= 

(Ci. TO * n ( u L I i^L I i')) 

4 

v y > v y 

u min } k ~ u max } k l 

ux 

= 

(7n&x(v mtn ^rnxn ^ ) > ^max,^) 



U2 

= 

(772272 (t> maaJf fc) ^rnaa:,^')? ^max,jb') 



t>3 

= 

/ \ 
rmm,fci u min } kJ 



U 4 

= 

(mm{v^ aXtk , v x maX ' k ,), V y min k )) 

5(i) 

IJ'*' <T ij® 

maxyk ^ 

n a 

= 

i^max,ki V mm,k' ) 


and 

u 2 

= 

(^mtn./c' » ^ rom,fc ') 



^3 


^ max,k ')) 



w 4 

= 


(ii) 

u raax,& — cy mtn,/: / 

Vl 

ss 

(maifcn,bC,i').C 1 i) 


and u* „ t < u*' 

7Tl£2X,/C — TTltTljAl 


= 




^3 

= 

(max(u mtTl)fc , ^mtn,fc') 



W 4 


«•*.*')> U«in.fcO 


Table 5.7. Rules for finding vertices of MRBC between components. 




Direction 


Conditions 


Vertices list 


6 (i) 


(n) 


^min,k V max,k ' 

and v maxk v mtnt k' 


V X < 1) X 

u mm 7 k — u max i k l 


and U max,Jfc < V ~ 


mm, A:' 


v l = fcai ,fc' 5 <.n,fc') 

U 4 = « tn ,k’ mm ( V Lx,k> V Lx,k')) 
«1 = ( maX ( V nun,ki <,n,k')> Kax,k) 

u 2 = (mHi(C,*.Cjf))C 1 *) 
U 3 = (mfllfe n ,i><m 1 F)»C,^) 
n 4 = (mtn(i>* « ag ,^), u* , w . y ) 


7(0 


(») 


min, A ^ max,k' 

and v mtnk < v max ,k' 


V mtn,k — V max,k ' 
and V mtnk ^ W max,k ' 


Vl iPmax,k'i'^m.\n,k) 

V2 iPmin,ki'^mtn,k) 

«S = ( U max,fc ) min («mar,lc> U Lx 1 fc')) 
«4 = «,n,k',^( V max^ V max,k')) 

Vl = (™l(4n,fc.C Jt')^max,Jt') 
v 2 = (min(v^ aXjk ,v^ aXtkl ),vl aXtk ,) 
V3 (rnCLx[v mln ki V mm ,&')) ^mtn ,k) 
V4 = (mzn« ajJfc ,« as> ,),^ m ,J 


8(0 


(ii) 


w max,k ^ u m.\n,k* 

and *. < u 

min,Ar ^ maar,A:' 


(^Tnax,^? 

7^2 (^rntn 1 /c / ? ^jntn,A:) 

l?3 (^TTiaXjfc? 7n2n(n max ^ 5 7^ max ^/)) 

V 4 ^maa?,^')) 


V x 

w max } k 

and u* 


mm,fc 


) x 

vi 

= 

( max 



y ' 

7\nax,fc' > 

— ^max^ 1 

V 2 

= 

( mm( 

V x 

. max, ki 

^ma:r,Ar')’ 



V 3 

= 

( max' 

«m,i fc> 




V 4 

= 

(mm( 

i 

. max,*? 


L 4Jrl L 


Table 5.7: Rules for finding vertices of MRBC between components (continued) 
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the component is adjacent to the base component, then only the component number and 
its direction are stored in the form of a linked list, else the information is not stored This 
helps in reducing the total memory requirement for the system A flowchart for determining 
the adjacency component relationship matrix, and the ACDR table is given in Fig. 5.3. 

The output of the module for dissimilar components nested layout, shown in Fig. 5.4(a) 
is given in Fig. 5 5. The Fig. 5.4(c) gives features present in each component. Similarly, 
a component layout having intersecting MER of components are shown in Fig. 5 6(a) and 
its layout graph in Fig. 5.6(b). The ACDR table for this example is given m Fig. 5.6(c) 

In the ACDR table (Fig. 5.5(b)), T in the hatched cell indicates that the components 
c 2 (say c k <) is adjacent to c x (say c k ), and l 5’ in the right hand top corner of the hatched 
cell indicates the direction of the component c 2 w.r.t. c\ (i.e., c k < w.r t. c k ), and is given 

by 

{ 1 if the component c k i is adjacent to c k 
0 otherwise 

V q / c k > 

Directions of components (d kk >) present in a layout with respect to the base component 
Cfc is represented by the directional set D k and is given by 

D k = {d kk i | a kk i = 1, c k € C, c k i 6 C7, and c k ^ c' k } 

V c k 6 C. (b-3) 


5.3 Identification of raw material type 

Raw material types considered in the present research are coil, sheet and strip. Identifi- 
cation of raw material type helps in recognizing shearing features. The element (r) of the 
raw material feature set ( R ) is processed to identify its type. 

The subgraph of the raw material feature (r) is of planar type, and either it will be 
circular (loop) or acyclic (path). If the subgraph is of acyclic type, then the raw material 
feature is identified as coil type. On the other hand, if the subgraph of r is of circular 
type, then the feature represents either sheet or strip. Distinction between sheet or strip is 
done from the geometry point of view (width by length ratio). The element r is said to of 
strip type, if the width by length ratio is less than 0.4, otherwise the feature is identified 
as sheet type. 

For example, the subgraph of the element of R (Fig. 4.1) is of circular type, and the 
width by length ratio is 0.374, and hence the raw material is of strip type. 












MER of c fc** lie 

inside or intersect with 
MRBC of Cfc and 

c k' 9 / 


Component c^> is 
not adjacent to 
c k * a kk 9 ~ 0 


Component 
is adjacent to 
c k ■ a kk’ = 1 * 
a kk'( d ) d kk' 


any c^->» present 
^ in C 9 


k" = k" + 1 


any c ^ present 
^ in C ? 


k' = k’ + 1 


k + 1 


any c ^ present 
■\ in C ? 


Print Adjacency component 
matrix and ACDR table 


Figure 5.3: Flowchart for determining adjacency component relationship matrix and ACDR 
table (continued). 
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Component 

set 

c 

Cl 

c 2 

c 3 

c 4 

c 5 


Features 

in 

ci 

f 2 

f 4 

f 5 

fio 

fll 

f 12 

Features 

m 

c 2 

fa 

fe 

f 7 

fa 

f 9 


Features 

in 

C3 

f 1 3 

f 1 6 

f 17 

f 18 

f 20 

f 21 

Features 

in 

c 4 

f 1 4 






Features 

in 

c 5 

f 15 

f 19 






(c) 

Figure 5 4 Dissimilar components nested layout (a) Nested layout, (b) Layout graph, and 
(c) component set and features present in each component (continued) 

5.4 Identification of layout type and the direction of 
layout 

Shearing features like parting, slitting and shearing are dependent on the type of layout, 
which in turn depends on the number of rows and columns present in the nested layout. In 
the present work, layout type is broadly classified into three types viz., components present 
m rows only, in columns only, or in the mid of rows and columns. The methodology for 
determining the layout type and its direction is given below : 

Methodology 

Layout type is determined from the directional set of the layout (A)> and the graph of 
the components present in different -tfee directions. The set A is given by 

A = (J D k (5.4) 

keK 

where A is a set of directions of adjacent components of Ck> w.r t. the base component cjt 
Arrangement of the components in a layout (i e., whether they are in rows and/or in' 
columns or in the mid of rows and columns) is determined by’ subgraphs of the components 
present m the directions' 1 ’ and ‘3’, or ‘2’ and ‘4’. 

Let G 1,3 represent the subgraph of components having adjacent components present 
in the direction of 1 and/or 3, and let C \ f 3 be the component set of parts present in the 
direction of 1 and/or 3, i.e., 


A, 3 = {ck | cjt has components either in the direction of ‘1’ and/or ‘3’, 

(i.e., Ck is in the subgraph Gi^)}. (5.5) 
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Let RC be the set of components absent in the rows and is given by 


RC = C n C 1)3 . (5.6) 

If RC is a null set, then the components are in rows, else they are not m rows Let C 2i4 
represent the subgraph of components having adjacent components present m the direction 
of 2 or 4, and let CC be the set of components absent m the column Then CC is given 

by 

CC = C n C 2A (5 7) 

where C 2A is the component set of parts present m the subgraph {G 2A )-, and is given by 
C 2 ,4 = {cfc | Ck has component either in the direction of l 2’ and/or ‘4’ 

i.e., Ck is in the subgraph G 2A } (5 8) 


If CC is a null set, then the components are in columns, else components are not in 
columns 

Thus, if eqn (5 7) and eqn. (5 8) are null sets, then the layout has components in the 
rows and columns only If they are not null sets, then the layout consists of components 
in the mid of rows and columns 

For example, consider the layout shown in Fig 5.4(a). The components present in the 
subgraphs £1,3 and (? 2 , 4 shown in Fig 5.5(c) have adjacent components in the directions of 
1 and/or 3, and 2 and/or 4 respectively These subgraphs are determined from the ACDR 
table (Fig. 5 5(b)) of the layout Therefore elements (i.e , components) of C Xf 3 and C 2 ,4 are 
given by 

Ci ,3 = {C 3 ,C 4 ,C 5 } 

and 


C 2 ,4 {ci^Cs} 

RC and CC are not null sets, and hence the layout is not made up of components 
only in the rows and/or columns, i.e., it has components present in the mid of rows and 
columns. It can also be noted that the D t is not a null set, which indicates that the layout 

is not for a single component 

For the component nested layout shown in F.g. 5 7(a), the ACDR table is given m 
Fig. 5 7(b). The directional set D, of layout is determined from the ACDR table, and its 

elements are Di = {1,2, 3,4} 

and the component set C is given by 


C = {C1,C 2 ,C 3 ,C 4 ,C 5 ,C6}. 

Since the D, set is not a null set, the components present m the subgraphs G,s and 
G, a are determined from the ACDR table. These subgraphs are given in Fig. 5.7(c). The 
elements of the component sets Ci,s and C 2 ,, present are given by 



ting 



Figure 5.7 A similar type of components nested layout (a) Nested layout, (b) ACDR table, 
and (c) Subgraphs of components present in the directions of 1 and 3, 2 and 4, and 1,3,5 and 7. 
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Cl ,3 — { Cl , Ci , C3 , C4 , C5 , Cq } 
and 

C 2,4 = {cj , c 2 , C3, C4 , C5 , Ca} • 

The set /?C is given by • 

RC = C0 Ci ,3 = 0. 

Since i?C is a null set, the components m the layout are m rows Similarly the set CC 
is also found to be a null set. 

CC = C n C 2 ,4 = 0. 

Therefore, the layout is made up of components present in only rows and columns 
By vertex fusion methodology (where nodes represent components m the subgraphs), it 
is determined that the subgraphs Ci,3 and G 2l 4 (Fig. 5 7(c)) have two and three sub- 
subgraphs, respectively. Also, components present in each sub-subgraph are determined 
by vertex fusion method Hence, the nested layout has two rows and three columns Thus 
the given layout is made up of two rows and three columns, and the direction of layout is 
T, since the raw material is of coil type (determined as per the methodology given in the 
Section 5.3), and the length of coil is in the direction of T. 

Implementation 

During implementation, the ACDR linked list is travelled, and the components present 
in the required directions are determined. The pseudo code is given below to travel the 
ACDR linked list and for finding the graph and components present in the direction ‘1’ 

and £ 3’. 
begin 

j — 1 

for (k = 1 to n) { 
for (*' ± NULL) { 
if {dkk> —— 1 or dkk* —— 3) { 
if ck is not present in the set Ci,3 { 

Ci, 3 ■<= Ck 

} 

if ( d k k> == 1 and °k £ Ci |3 ) { 

Gl,3j <= c k 

} 

} 

} 

for all k' linked to k { 

if (there is d == 3 and there is no d == 1 and Ck £ Ci, 3 ) { 
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Gi i3j <= c k 
J =J + 1 

} 

} 

} 

end. 

Similarly, the components present in the set £2,4 and graph (?2,4 are determined 

After determination of the direction of layout, type of layout, ACDR table and raw 
material type, shearing features are recognized as explained m the following section 

5.5 Recognition of shearing features 

In the present work, shearing features are identified in two steps 

In the first step , the nested layout graph obtained by preprocessing the geometrical 
data is used to identify the features These features are classified into various feature 
sets Raw material entity group and components are identified, and also ACDR table is 
extracted from the layout graph (these steps have already been discussed in the previous 
sections) 

In the second step, shearing features are characterized by developing a set of rules by 
relating them geometrically and topologically, and using these rules, shearing features are 
identified (these are discussed below) 

Shearing features are recognized based on the classification system of shearing features 
given m Fig 2 . 6 . Characterization and recognition process are explained in the following 
sections. In a component nested layout, all features which form potential candidates for 
manufacturing the component from the given layout are identified, as this helps in the 
development of alternative process plans 

5.5.1 Recognition of inside shearing features 

Inside shearing features are characterized by the following parameters. 

1 . Piercing and lancing features are present inside a component and hence they are 
called inside features 

2 Graph of the feature is of circular (loop) type in case of a piercing feature, and acyclic 
(path) type in case of a lancing feature. 

y Thus the elements of inside feature set will be either piercing or lancing feature^. 
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For example, in Fig 4.1, elements inside the feature set are given m Table 4.5. In 
the inside feature set N, features / 4 , / 5 , / 6 , / 7 , / 9 , / 10 and f n are recognized as piercing 
features, and fg as lancing feature 

5.5.2 Recognition of boundary shearing features 

Boundary shearing features are present along the boundary of a component as defined 
earlier in Chapter 2. The features are blanking, cutoff, notching and parting. Recognition 
process for these features along with their characteristics is given below : 

Recognition of blanking feature 

Blanking is a process in which the complete outline of a component is separated from the 
parent material in a single press stroke (Metals Handbook, Vol. 4, 1979). Therefore, the 
recognition of a blanking feature is done by matching the shape and size of the element of B 
with the shape and size of the tool stored in the tool database Further, the press on which 
the part has to be manufactured should be examined to determine whether the selected 
tool can be mounted on it or not As such, for subgraphs of all the elements belonging 
to boundary feature set B, blanking operation is considered as a potential candidate for 

manufacturing the component from the layout 

It should be noted that during the feature recognition process, if cutoff feature is iden- 
tified in the component layout then it eliminates the presence of blanking feature from 
the layout, since the component cannot be manufactured from the layout by the blanking 

operation. 

For example, in Fig. 4.1, the boundary features f 2 and f 3 represent the blanking features 
of the components c x and c 2 respectively, as the component can be separated from the 
parent material along its boundary in a single stroke. Similarly in Fig 5.4, if blanking tools 
for features / 2 , /., /„, fu and /„ are available, then the components can be separated 

out from the parent material. 

Recognition of cutoff feature 

Cutoff it a process which cats along a line to produce blanks without generating any 
scrap during the cutting operation (Metals Handbook, Vol 4, 1979). A nested layout 
having cutoff features is shown in Fig. 5.8, and the characteristics of the same are given 

below : 

Cutoff feature may be present only when there are more than one component in a 
layout. 

, oUmpnf <? of the boundary feature set of the adjacent 

2. A cutoff feature exists when an elements oi 



114 



(a) 



Figure 5.8: A similar type of components nested layout having cutoff feature ■ (a) Nested 
layout, (b) ACDR table, and (c) Subgraphs of components present in the directions of 1 and 
3, 2 and 4, and 1, 3, 5 and 7. 
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components have common vertices or if vertices of the boundary feature of base 
component or adjacent component fall on the surface of the boundary feature of 
other component. 


During implementation, if a component nested layout is created for the similar type of 
boundary features, then the search procedure can be reduced in finding the common vertices 
present between the adjacent components. Also, vertices of the base component falling on 
the surface of the adjacent component and vice-versa. Various situations, in which a vertex 
of the base component falls on the surface of the adjacent component are shown m Fig. 5.9, 
and they depend on the adjacency direction of the components Information about similar 
components nested layout is asked interactively from the designer to minimize the search 
procedure for identifying the vertices belonging to cutoff feature Even in the absence of 
this information (similar and dissimilar components), the system works well, but takes a 
little more time to identify the cutoff feature 

The following mathematical model has been developed for identifying a cutoff feature. 
In the ACDR table, the element of the cells are either ‘O’ or ‘1’. If the element is 1 , 
the components are adjacent to each other, otherwise not. For adjacent components, the 
subgraphs of elements of B (b } and by) are travelled in the clockwise direction to determine 
the common vertices between them. The relationship is given by 


v, 








e V } , v t ,y 6 Vy, fj € B, fy € B and fy^f r 


(5 9) 


In case, the base vertex (the vertex of the base component) is not common for the 
subgraphs b 3 and by, it is tested for determining whether it falls on the surface of the 
adjacent component or not. If the base vertex falls on an adjacent component surface, 
then it has to be collinear with respect to vertices of edges belonging to the surface of the 
adjacent component under consideration . The collinearity of vertices is determined from 
the following determinant, whose value will be zero for collmear points. 


€ Vj , , v <= Vy, f, e />■ € B ' “ d f >' * f ’■ (510) 

Further, if the vertex is collinear then the containment of the vertex within the surface 
is determined by the rnlea given in Table 5.8. Thu,, cutoff feature between the two adjacent 
components is determined and if it exists, then blanking feature wrll not be present between 
the adjacent components under consideration. 
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Figure 5,9. Modes of a vertex of the base component falling on the adjacent component surface 
(for similar type of components). 
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Table 5.8: Rules for determining whether the base vertex falls within the segment of the surface 
of the adjacent component under consideration or not 
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cutoff features ( cf ) : 

units . mm 


No. 

Feature No. 

Vertices 

1 

cf 1,2 

V\2 V22 

2 

Cf 1,4 

V 29 v 30 

3 

Cf 2,3 

Vis v 26 

4 

Cf 2,5 

V31 V32 

5 

Cf 3,6 

V33 V34 


Table 5.9. Cutoff features present in the component layout given in Fig 5 8 

Implementation 

The above methodology is implemented for both similar and dissimilar type of boundary 
features, and the flowchart is given in Fig 5 10. The output of the system for the component 
layout shown in Fig 5 8 is given in Table 5.9 

Recognition of notching feature 

Notching operation is a process in which an individual punch removes a piece of metal 
from the edge of the blank or strip One of the reasons for notching operation is to cut a part 
of the outline of the blank that would be difficult to cut otherwise (Metals Handbook, Vol. 
4, 1979). Therefore a notching feature is present when the shape and size of the complete 
boundary of a component cannot be produced by blanking operation. The characteristics 
of the notching features are : 

1. Notching feature is present along the boundary feature of the component. 

2 Feature is present, when the shape of the boundary feature is not rectangular, and 
its sides are not parallel to the X and Y axes. 

To identify a notching feature, initially minimum raw material required to manufac- 
ture the component is determined. It is assumed that the minimum raw material required 
for a component under consideration is the minimum enclosing rectangle (MER) for the 
component, with sides parallel to the X and Y axes. In Fig. 5.11(a), the dashed enclosure 





5.10: Flowchart for recognizing cutoff feature. 
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Figure 5.10: Flowchart for recognizing cutofF feature (continued). 
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surrounding the component represents the MER shaped raw material required for manu- 

facturmg the given component. Vertices and edges of MER of a feature are determined as 
explained in the Section 4 3 

In the second step, convexity or concavity (Roger and David, 1985) is determined for 
every vertex of the element belonging to the boundary feature set of the component The 
convexity or concavity is obtained by the vector cross product. Vector cross product for 
the vertex under consideration is obtained by the cross product of the vectors with respect 
to previous vertex and next vertex respectively. The vector cross product is positive in k 
direction for a convex vertex and negative in k direction for a concave vertex. The vector 
cross product is determined as given below • 


vU 

= (Ca-of)* 

+ K-1 

K+i 

= «-<»)’ 

+ («?- 

V. 

= K-i X V, +I 



V 

v, 6 V 



(5.11) 


{ +ve in k direction, vertex v, is of convex type 
— ve in k direction, vertex v, is of concave type 


(5.12) 


If a vertex has a negative bulge (convex arc) or a positive bulge (concave arc) as an 
attribute in the polyline, then the convexity or concavity of the vertex is determined as 
follows : 


(i) In case of a negative bulge, pseudo vertices (pi and P 2 in Fig. 5.11(b)) which are 
intersection of lines parallel to X axis and Y axis passing through the center of the 
arc under consideration and the arc itself, are determined. These pseudo vertices 
are inserted in the circular subgraphs as nodes and they are connected by edges 
which represent lines, such that they form a part of the loop. Vector cross product is 
determined for the vertices and for the pseudo vertices. The convexity or concavity 
of the vertices and pseudo vertices is determined using eqn 5.12. 

(ii) In case of a positive bulge, the start and end vertices of an arc are always of convex 
type. 

In Fig. 5.11(b), positive and negative signs represent convexity and concavity respec- 
tively. Once minimum raw material required for the component and convexity or concavity 
of the vertices of elements belonging to the boundary feature set are determined, the com- 
ponent is tested for the presence of notching features. 
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Figure 5 11: (a) Minimum enclosing rectangle for a component, and (b) Representation of 
vertices and pseudo vertices, along with their convexity and concavity 
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Let Pj (includes vertices of j boundary feature b 3 , pseudo vertices and vertices of 
MER of bj) represent the vertex set of duplet vertices of b 3 belonging to B i.e , 

Pj — VJ U VmeRj 


V f 3 € B 

(5.13) 

where V MER] is the vertex set of MER of j th boundary feature 

A notching feature is present if one of the following conditions is satisfied 


V l3 is in the negative direction of £, V 1 € I 3 

(5.14(a)) 


(5 14(6)) 

(^mmj ) v max,j ) £ 

(5.14(c)) 


(5.14(d)) 

^ ram ^ 

(5.14(c)) 

v f, eB. 



Notching features are recognized by travelling a subgraph in the clockwise direction 
from the head vertex of a component If eqn. (5.14(a)) is satisfied, the presence of a 
notching feature is confirmed, and the feature is identified by the following procedure. 

When a vertex is of concave type (i>i 5 in Fig 5 . 11 (b)), the subgraph is travelled in the 
backward direction till a convex vertex (vis) is met, such that it lies on the boundary of the 
minimum raw material (MER) required by the component. Now, from the concave vertex 
(1*15), the subgraph is travelled in the forward direction till a convex vertex (wig) lying on 
the boundary of the MER of the component is reached Notching feature is formed by the 
vertices present between these two convex vertices (i.e, wxs, and U 19 ). 

In case any one of the equations eqns. (5.14(b) to 5.14(e)) is satisfied, then the procedure 
for identifying the notching feature is as follows • 

As the subgraph is travelled in clockwise direction (Fig. 5 11 (b)), the last vertex (t>i) 
lying on the first edge and first vertex (pi ) of the second edge is recognized as the notching 
feature (i.e., Vi, pi, and the one of the vertices of MER in Fig. 5.11(b)). 

A part after notching operation can be blanked using blanking tool having MER shape 
and size MER is one of the shapes of blanking feature that can be used to get the part 
after notching the notching features. Total number of shapes of a blanking feature that 
can be obtained with different combination of notching features is given by 

, + (5 14) 

2 
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(b) (C) 

Figure 5.12- Various tools that can be used for blanking a component .(a) Representing MER 
of a component and notching features, (b) Blanking tool having same shape and size as that 
of the MER, and (c) Another shape of the blanking tool. 

where nf represents the number of notching features present w.r.t. MER of a part. It is 
to be noted that the notching features are not divided further. Fig. 5.12(b) shows MER 
shape and size of the blanking feature. The part can be blanked after notching the notching 
features n/i, rife shown in Fig. 5.12(a). One of the shapes of blanking feature obtained 
with different combinations of notching features is shown in Fig. 5.12(c). This shape and 
size is obtained by subtracting the shapes of notching features (n/i, n/2, n/4, and n/s) 
from MER shape. The part can be blanked after notching n/ 3 , and n/ 6 , by using the shape 
and size of the blanking feature shown in Fig. 5.12(c). 

Implementation 

The flowchart for finding notching features from a layout is given in Fig. 5.13. The 
input to this module is information about MER of the components and ACDR table of the 
layout. For the component layout shown in Fig. 5.2, the output is given in Table 5.10. 
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notching features ( nf ) : 

units ' mm 

component : cj 

feature : f 2 


SI. No. 


X 

y 

rad /bul 

start ang 

end ang 

1 

»/i,i : 
position . 

57 500 

214 867 






57 500 

244.867 

30 000 

270.000 

234.315 



40 000 

220.500 






40 000 

214.867 




2 

n/ 2 , i : 
position : 

57.500 

241.183 



90.000 



57.500 

214 183 

30.000 

125.685 



40 000 

235 500 






40.000 

241.183 




3 

rc/3,1 ' 
position : 

57.500 

241 183 



54.315 


57.500 

214 183 

30.000 

90.000 



75.000 

235 500 






75.000 

241.183 




4 

n/4,1 : 
position : 

75.000 

220.500 



270.000 


57.500 

244.867 

30.000 

305.685 



57.500 

214.867 






75 000 

220 500 





Table 5.10: Notching features present in the component layout given in Fig 5 2 


Recognition of parting feature 

Parting is a process which separates blanks from parent material by cutting away a strip 
of material between them (Metals Handbook, Vol. 4, 1979). Parting feature is character, aed 

as given below : 

1. Parting feature is present between two adjacent components. 

2. Parting feature is present only in coil or strip type of raw material. 




Figure 5.13: Flowchart for recognizing notching features. 
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(c) Curved surfaces 


Figure 5.14: Parting features for a layout in the direction of X axis 

3. Layout should contain either single row or single column of components. 

4. The slug between the two adjacent components forms the parting feature 

As in the case of blanking, parting operation is possible only if the shape and size of 
the tool is similar to that of the slug, and the slug is removed by one or utmost two blows. 

The raw material type, component nested layout type and ACDR table determined in 
the previous sections are the input to this module 

Parting features are always perpendicular to the direction of the component layout 
The slug is assumed to be rectangular in shape and various cases are shown in Fig. 5.14 
The length and width of the slug (parting feature) are determined for the component layout 
in the direction ‘1’. 

Swkk> ~ slug width between k th and k lth component. 

SI = slug length. 

si — subscript for strip type of raw material. 

co = subscript for coil type of raw material 

Sw tt . = ((e<„, t ) - (le 3 a kv = 1, V k £ K, k' e K and k + k' (5.15) 
S/„ or 5i„ = «,t) V k € K. (5.16) 
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In eqn 5.16, Sl st or Sl c0 is slug length, and it is dependent on the type of raw material. 
It can be noted that the length (i e., slug length) of the parting feature remains constant 
for all the components 

Similarly, length and width of parting features are determined for a layout in the 
direction ‘2’ It should be noted that the parting feature is absent in the layout, if cutoff 
feature is present between the adjacent components. 

Implementation 

Initially the type of layout and the raw material type are identified. If conditions ‘2’ 
and ‘3’ given m characterization of parting features are satisfied, then only parting feature 
will be identified from the nested layout. 

Algorithm 

Step 1 . Length of the slug is equal to the width of the raw material. 

Step 2. Width of the slug is given by minimum rectangle present between the adjacent 
components 

Step 3. Size of the parting feature is equal to the length and width of the slug identified 
Step 4. Goto Step 1 until ( nc — l) t/l component in the component set is considered as 
a base component, where nc is the number of components present in the layout 

Step 5. Print the coordinate values of the parting features, and stop the process. 

For the Fig 5 2, it has been determined that the components are in a single row. Thus, 
after checking the existence of parting features, they are recognized by the above method, 
and the output is given in Table 5 11. 

5.5.3 Recognition of outside features 

Outside operations viz., shearing and slitting are dependent upon the type of raw material, 
nesting of components, and the layout direction. The outside features are recognized as 
follows . 

Recognition of Slitting feature 

Slitting is a process in which the coil or strip is cut into narrower coils or strips (Metals 
Handbook, Vol. 4, 1979). Slitting feature has been characterized as given below : 

1. Slitting feature is present in coil or strip type of raw material. 

2 Slitting feature is present along the direction of the layout. 

The following methodology is developed to identify the presence of the slitting feature 
in the direction ‘1’. 
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parting features ( pf ) 

units : mm 


SI No 


X 

y 

1 

P/1,2 : 




position . 

75 000 

205 000 



87.500 

205.000 



75.000 

251 000 



87.500 

251 000 

2 

P/2,3 ■ 




position 

122.500 

205.000 



135.000 

205 000 



122.500 

251 000 



135 000 

251 000 


Table 5.1 T Parting features present in the component layout given in Fig. 5.2 

From the ACDR table, subgraphs of components present in the directions 1 and 3, and 
1, 3, 5 and 7 are determined, such that they satisfy the following conditions : 

1. i^ aa . of c fc is greater than t>^ in of cy in direction ‘5’, and 

2 v v min of Cfc is lesser than of cy in direction ‘7’ 

Subgraphs of the components present in the above directions for the layout (Fig. 5.4) 
are given in Fig. 5.5(c). Similarly, for the component layout shown in Fig. 5.7(a), its 
ACDR table is shown in Fig. 5.7(b), and subgraphs of the components present in the 
above directions are given in Fig. 5.7(c) Also, in Fig. 5.7(c), subgraphs of the components 
present in direction 2 and 4 are given. 

A slitting feature may be present m the layout, if the component set Ci , 3 , 5,7 present in 
the subgraph (* 1 , 3 , 5, 7 is not a null set, i.e., 

{ 0 slitting feature is absent f5 17) 

otherwise slitting feature may be present ; 

A slitting feature is absent, if the width of the raw material is equal to the length /width 
of the component or if the nested layout has only one row of components. 

In Fig. 5.7(c), 61 , 3 , 5,7 is not a null graph, and therefore 61 , 3 , 5,7 is not a null set. Hence, 
the layout is further processed for recognizing slitting features. 




130 


The graph Gi^ and Cn.,3,5,7 may be a single graph or disjoint subgraphs If the subgraph* 
of both Gi , 3 and Gi. 3,5,7 are single subgraph , then sets Z 1 and Z 2 is determined as given 
below 

Z\ = C n C h3 (5 18(a)) 

Z2 = Cxfl n Gx. 3,5,7 (5 18(6)) 

and the presence of slitting feature in the layout is dependent on the type of set Z 1 and 
Z2 as stated below 


If Zl and Z2 is { ® 

( otherwise 


slitting feature is absent 
slitting feature is present. 


(5 19) 


It should be noted that for a single row of components in coil type of raw material, 
graphs Gi t 3 and Gi ,3,5,7 are single subgraphs, and the set Zl and Z2 are null sets Therefore, 
slitting feature will be absent in a given layout. 

Once the presence of a slitting feature is identified, its range is determined in the layout 
by the following procedure. 

For each row present in G(i, 3 ,5,7),roti; the first component (cj >TOW ) and last component 
(c/.rotu) are determined, and are given by : 


Cf t row = mm c k V c fc € G (l<3i5J)irow (5.20(a)) 

Cl'Tow — ffQff c k V c fc € G( 1,3, 5, 7), four (5.20(6)) 

In the above equations, G(i, 3 , 5 ,7),,. ou , is the row th row of subgraph belonging to the Gj, 3,5,7. 
From these components present between the first and last component in a row, minimum 
and maximum y coordinate values for these components (i.e , (u" m fc ) and {v y max k ) respec- 
tively) are determined from the pseudo vertex set Vf 


v rmn,k ~ V t,j f fj E B, and c k E G( li 3 i5i 7) >rou , (5.21(a)) 

<a Xlk = rnax \ f 3 E B, and c k € G (1 , 3 , 5 , 7) , row (5.21(6)) 

Subsequently, minimum and maximum y coordinate values for each row (i.e. v y ■ and 
v max i row respectively) present in the graph are determined. 


v 


y 

mtn } row 


mm 

7 ) ,row 


v y 

min,k 


v y 

max, row 


min 

c *€<3( 1(3| !s (7 ^ rou , 


v y 

u max t k 


V row E G (1 , 3,5,7) 

V row E G ( 1,3,5, 7)-. 


(5.22(a)) 

(5.22(6)) 


Slitting feature is present between two rows. The slitting range at the lower side of 
the row (slri w ) is given by the difference between the minimum y coordinate value of the 
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slitting features (slf) : 

units ' mm 


SI No 

X 

y 

1 sf of 1st row . 

direction . 

X axis 


sIt up . 

12 500 


position : 

41.000 

224 000 


41 000 

236 500 


Table 5.12 Slitting features present in the component layout given in Fig 5 7 

row under consideration (v y mtntTOW ) and the maximum y coordinate value of the previous 
row (u^ or>TOto _i) Similarly, slitting range at the upper side of the row (slr up ) is given by 
the difference between the minimum y coordinate value of the next row {v y min ^ row+1 ) and 
maximum y coordinate value of the row under consideration ( ^max^row ) 5 ^ ^ ? 

slr, w = v y mm)TOW - v y maXtT0W „ x ( 5 23 ( a )) 

e/ , _ v y (5 23 (b)) 

Thus, the slitting range is determined between rows It should be noted that, if there 
are more than one row in a layout, then the slr up of the row under consideration and the 
next row’s slr lw will be same. Similarly, for component layout in direction ‘2’, the presence 
of slitting features and their ranges are determined. 

Implementation 

In implementation, the row numbers are determined as per the identification process, 
and they will be in lexicographical order. The flowchart for finding slitting range is given 
in Fig. 5.15. The output for Figs. 5.4 and 5 7 is given in Tables 5.12, and 5 13, respectively. 


Recognition of Shearing feature , , , 

Shearing is a process in which Ae material .s cut to get specified length and width of 

raw material (Metals Handbook, Vol 4, 1979). Therefore, shearing features for sheet type 
of raw material will be parallel to X or Y axis and for coil and strip type of raw mater.al rt 
will be perpendicular to the direct, on of the layout Shearing feature recogmrion process 

is similar to the recognition process for slitting feature. 

In case of sheet type of raw material the subgraphs G,,w “d are 






Find the subgraphs of components 
present in the direction of 1 and 3, 
2 and 4, and 1,3,5 and 7 from the 
ACDR table of the layout Gj 3, 

G 2,4 and G 1,3,5,7 


Find the components present in the 
subgraphs G-j 4 cind G 1 3 5 7 

given by C 13 , C 24 and C 135 ? 
respectively 


^ — -'"v width of the raw 
material same as length/width 
~^~~--^of any component 9 


Find number of rows present 
m t 3 > G 2 4 and 3 5 7 


13 

has one subsubgraph and 
C 1,3 n C 1 ,3,5,7 = 0 and C n C 1 3 

C 1 ,3,5,7 ~ ^ 9 


Set k = 1 


Set C /3 row counter, row = 1 


Find the first and last component 
of the row cj 0w and c[ ow respectively 


Figure 5.15: Flowchart tor recognizing slitting features. 










Figure 5.15: Flowchart for recognizing slitting features (continued) 
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Figure 5.15- Flowchart for recognizing slitting features (continued) 
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slitting features ( slf ) 

units • mm 


SI. No. 


X 

y 

1 

sf of 1st row . 
direction • 

X axis 



sir up : 

10 000 



position : 

30.000 

245.000 



30.000 

255 500 


Table 5 13: Slitting features present in the component layout given in Fig 5.4. 


for layout directions in ‘1’ and £ 2’ respectively From these subgraphs the component set 
Ci, 3,s,r and (72,4,6,8 are determined 

The shearing feature may be present in horizontal direction such that the raw material 
is of coil or strip type and is in the direction of Y axis, if raw material is of sheet type. 
The presence of shearing feature is determined as follows : 


If (71,3,5,7 is 


{ 


0 shearing feature is absent 

otherwise shearing feature may be present 


Similarly, whether the shearing feature is present or not in vertical direction is deter- 
mined by examining the set 67,4,6,8 which is given by 


If (72,4,6,8 is 


0 shearing feature is absent 

otherwise shearing feature may be present 


If the presence of shearing feature in horizontal direction is determined, then it is con- 
firmed by the eqns. (5.18) and (5.19). Similarly shearing features in the vertical direction 
can be confirmed. After the confirmation of shearing features in the direction of X axis, 
their ranges ( shri w and shr up ) are determined using eqns. (5.20) to (5.23). In the same 
way after the confirmation of shearing feature in the vertical direction, the ranges ( shr rg 
and shrij ) are determined by the following procedure 

For each column present in (7(2, 4 , 6 , 8), col the first component (c/ [CO j) and last component 
( ci'Coi ) are determined, and are given by : 


V c/e € (7(2, 4, 6, 8 ), coi (5.24(a)) 

ci, col = ma ? °k V Cfc 6 <7(2, 4, 6, 8), col- (5-24(5)) 

’ k£K 

In the above equation, <7 (2 ,4,6,8), C o/ is the col th column of subgraph belonging to the <7 2 ,4,6,8- 


c/.coi = rum c k 
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From these components present between the first and last component in a column, min- 
imum and maximum x coordinate values for these components (i e., (u™ m ,fc) and (v^ oa . )fc ) 
respectively) are determined from the pseudo vertex set VJ. 


v mm k ~ mm v t 3 | € B, and Cfc € <3(2, 4 , 6, 8), col (5 25(a)) 

’ i eij 5 J 

<«*,* = max v x | fj e B t and Cfc € £( 2 , 4,6,8), col- (5 25(6)). 

t Glj 

Subsequently, minimum and maximum x coordinate values for each row (i ^ TMUyCOl and 
v max, col respectively) present in the graph <32,4,6,8 are determined. 


X 

1) — 
mm, col 

mm 

Cfc €<3(2, 4, 6, 8), col 

X 

V 

col € 

G'2,4,6,8 

(5.26(a)) 

X 

— . 

^max } col 

max 

Cfc €£( 2 , 4,6,83,001 

v x 

u max,k 

V 

col € 

G 2, 4, 6, 8- 

(5 26(b)) 


Shearing feature is present between two columns. The shearing range at the left side of 
the column ( shrif ) is given by the difference between the minimum x coordinate value of 
the column undr consideration (w* t „, c0 /), and maximum x coordinate value of the previous 
column (Vmax,coi-i) Similarly, shearing range at the right side of the column (shr rg ) is given 
by the difference between the minimum x coordinate value of the next column (w™ m , co f + i), 
and maximum x coordinate value of the column under consideration (u^ m coi ), i.e., 


shrif V mtTll col ^max,col—l 

shr r g V mtn,col+l v max, col ' 


(5.27(a)) 

(5.27(6)) 


Thus, the shearing range is determined between columns. It should be noted that, if 
there are more than one column in a layout, then the shr rg of the column under considera- 
tion and the next column’s shrij will be same. Similarly, for component layout in direction 
£ 2’, the presence of shearing features and their range are determined. 


Implementation 

In implementation, the column numbers are determined as per the identification pro- 
cess, which will be in lexicographical order. The output for Fig 5.7 is given in Table 5.14. 
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shearing features ( shf ) 

units mm 


SI 

No. 

X 

y 

1 

shf of 1st row . 

- direction : 

Y axis 



shvj-g I 

10.000 



position : 

80.500 

174.000 



90 500 

286.000 

2 

shf of 2nd row • 
direction : 

Y axis 



shr Tg : 

10.000 



position • 

120.500 

174.000 



130.500 

286.000 


Table 5.14: Shearing features present in the component layout given in Fig. 5.7 




Chapter 6 


Forming Feature Recognition System 


6.1 Introduction 

Forming processes in sheet metal components are widely used in various types of industries 
like aerospace, automobiles, electronics, machine tools, etc , for manufacturing different 
types of components. In the forming processes, the work material is stressed beyond 
its elastic limit, but below the ultimate tensile strength Also, the 2-D work material 
is changed to 3-D components. Various forming operations used in different types of 
industries are given in Fig 2.2. 

Nnaji et al., (1991), and Kang et al., (1993) have identified forming features from 
CAD database for components created by 3-D B_rep solid modeling. Forming features 
are identified based on the face oriented feature classification system, and the operations 
identified are bending, curling, shallow deep drawing, hemming, and louvering Hoffmann 
et ah, (1993) have used feature based solid modeling for identifying bending features for 
press brake machines to sequence the bending operations on it 

In the present research, forming features are recognized for components created m 3-D 
wireframe model representing the mean plane of the component. The standard DXF out 
put file of AutoCAD Release-10 is used as input to present system. The raw material 
thickness and yield strength of the material are also given as input to the system. Forming 
features are identified from the component graph using set theoretic and graph theoretic 
concepts. The features are recognized based on the number of planes in which an opera- 
tion is performed simultaneously, and location of the planes in the component. A set of 
rules have been developed by relating the features geometrically and topologically. The 
classification system proposed for recognizing forming features is given m Fig. 2.8. 

In the forming feature recognition system of the present work, initially the component 
graph of a 3-D component created by wireframe model (which represents the mean plane of 
the component) is processed to identify parent and child subgraphs. Different loops present 
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in. a subgraph are determined by vector normal method and vertex fusion methodology. 
Planes of a component are equivalent to the independent plane equations of loops present 
in the parent subgraph Also, the planes of a component in which child features along with 
child subgraph loops present are identified. Curved planes are identified, and adjacency 
plane relationship matrix is determined Cross-bend features are extracted from the com- 
ponent graph by removing common edges present between planes Subsequently, using the 
strategy of pattern recognition process, the extracted forming features are recognized by 
matching them with the features* graphs developed. 

Flat pattern is developed for a 3-D component by determining bend allowance for 
curved planes by taking thinning effect into consideration Later, shearing features are 
identified from the flat pattern developed 


6.2 Identification of parent and child subgraphs 

Generation of a component graph from the CAD database is explained in Chapter 3. 
After the nature of component (i e., the 3-D component) from the graph is identified 
(explained in Section 3 7), then the component graph is processed to identify parent and 
child subgraphs Identification of parent and child subgraphs in turn helps in recognizing 
planes of a component and forming features 

A component graph of a 3-D component consists of only one parent subgraph and child 
subgraphs may be absent or one or more than one child subgraph may be present in it. A set 
of principles are developed to relate the subgraphs of the component graph geometrically 
and topologically to determine the parent and child subgraphs. The mathematical model 
and the notations used are given below : 

a t y boolean variable (0 or 1) of a vertex adjacency matrix of i th row and i' th column. 
e m m th edge of an edge set E, which is duplex, having start and end vertices as its 
elements, i.e.,e m = v eiTn | v 3im -*> 

E edge set of a component graph G, whose elements are lexicographically ordered, 

E = {e m \ m e M} 

Ej edge set of j th subgraph. 

gj j th element (subgraph) of a component graph G. 

G a 3-D component graph. 

G c child subgraphs present in a component graph G. 

G p parent subgraph present in a component graph G, 
i subscript of a vertex belonging to a vertex set V. 

I set of subscripts of a vertex set V . 
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h 

J 

J 

m 

M 

M, 

lerij 

v, 


V 

% 


X, y, Z 
X, Y, Z 


set of subscripts of a vertex set V r 

subscript of a subgraph belonging to a component graph G 

set of subscripts of a component graph G 

subscript of an edge belonging to an edge set E 

set of subscripts of an edge set E 

set of subscripts of an edge set E } 

projected length of j th subgraph 

i ih vertex of a vertex set V, which is a triplex 

having x, y, and z coordinates as its elements, i e , v, = {x, y , z) 

vertex set of a component graph G, whose elements are lexicographically ordered. 

vertex set of j th subgraph 

represent the coordinate values of a vertex v . 

represent X, Y, and Z axes respectively 


The graph of a 3-D component G consists of subgraphs (g 3 ) and is given by 

G = { 9j \jeJ} ( 61 ) 

where j is the subscript of graphs and J set of subscripts of subgraphs belonging to G. 

The graph is made of parent subgraph (G p ) and child subgraphs (G c ), and hence the 
component graph (G) of a component is also given by 

G = G p U G c (6.2(a)) 


where G p and G c are partitions of G, and satisfy the following condition : 

either G p = Gc or G p 0 Gc = 0- 


( 6 . 2 ( 6 )) 


The subgraphs of a component graph G are determined as given in Section 3.6 by the 
vertex fusion methodology along with the vertices and edges present in the subgraphs g, 

and is given by r „ 0 v 


where V, and E, are vertex set and edge set of ,< h subgraph The subscripts of vertices 
present in V, are given by I, and subscripts of edges present in E, by M,. Thus. 


Ij = {i | 


(6.4) 


and 


Mj = {m | e m G E : } 


(6.5) 
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From the set G, firstly parent and child subgraphs are determined geometrically by 
finding maximum projected length (len max ) of subgraphs, and then relating them topolog- 
ically 

The maximum projected lengths of a subgraph along X, Y and Z directions are given 
by len * ox , len y max and len z max respectively, and are determined as given below : 


= max len * 

(6 6(a)) 

lenmax = len ) 

(6 6(6)) 

len max = max len * 

(6.6(c)) 

where len J, len v }) and len* represent the projected lengths of j th subgraph in X, Y and Z 
directions respectively These are given by 

len^ V ma .x ,] v min,j 

(6.7(a)) 

len^ I^ma x,j ^ mtn,j 

(6.7(6)) 

l en ] ^ max,] 

(6.7(c)) 

V 3 6 J. 


In eqn. (6.7(a)), u* and represent maximum and minimum 

of j th subgraph respectively, and are determined as given below . 

x coordinate values 

<ax,j = rnax u* 

(6.8(a)) 

U m.«J = V V 

(6.8(6)) 

V j € J, 



where u* represents the x coordinate value of the i th vertex of j th subgraph, and I 3 represents 
the set of subscripts of vertices present in vertex set V 3 . The elements (vertices) of V 3 are 
present in a subgraph g 3 of the component graph G. 

Similarly, maximum and minimum y and z coordinate values of vertices of j t h subgraph 
i v max,j an( i v mtn,ji and V max,j and V mm,j) are determined by the following equations : 

v lmax = max vl (6.9(a)) 

V tm,n = V," (6-9(6)) 

V i€J 
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and 

v max,j = max v* (6 10(a)) 

= mm «* (6 10(6)) 

V j € J 

Subgraphs having maximum projected lengths in X, Y, and Z directions (Gjr, Gy, and 
Gz) are given by the following equations 

Gx = {g 3 | len* = len x max } (6 11(a)) 

Gy = {g : | len] = len y max } (6-11(6)) 

G z = {g 3 | len] = /en^J (6.11(c)) 

V 3 € J. 

6.2.1 Identification of parent subgraph 

A parent subgraph is defined as a component of the graph that lies outside all other sub- 
graphs. Therefore, topologically the parent subgraph is the outer most subgraph. Hence, 
from eqn. (6.11), if the set Gxyz (eqn (6.12)) is not an empty or null set, then the element 
of the set (Gxyz) represents the parent subgraph of a component graph, and is given by 

Gxyz = Gx n Gy n Gz (6-12) 

or 

G P = {ft | g } € Gxyz } (6 13) 

It should be noted that the set Gxyz in eqn (6.12) is either a single element set or a 
null set. If Gxyz is a null set, then the subgraphs having maximum projected length in 
at least two directions (i.e., X and Y, or Y and Z, or Z and X) are determined. Let Gxy, 
Gyzi and Gzx be set of subgraphs having maximum projected lengths in two directions 
viz., in X and Y, Y and Z, and Z and X respectively, and are given by 

Gxy = G x 0 Gy (6 14(a)) 

Gyz — Gy n Gz (6 14(6)) 

' Gzx — Gz n Gx (6 14(c)) 

The parent subgraph G p is identified from the eqn. (6.14), where only one of the set 
will be a single element set and others will be null set, i.e., 

G p = [gj | g t € Gxy, or g s € Gyz , or g, G Gxy}- (6-15) 
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6.2.2 Identification of child subgraphs 

A child subgraph is defined as a component of the graph and it lies inside the parent 
subgraph Therefore, topologically a child subgraph always lies inside another subgraph. 
Since, parent and child subgraphs are partition sets of G (in accordance to eqn. (6.2(a))), 
the component graph set G can be written as 

G — Gp + G c (6 16) 

Hence, child subgraphs are determined by the eqn (6 17) 

G C = G-G P . (6.17) 

Child subgraph set ( G c ) can also be stated as 

G c — {dj | 9] € G,g } G p , j € J} (6.18) 


Implementation 

Flowchart for identifying parent and child subgraphs is shown in Fig. 6.1 Input to the 
system are vertices and edges present in each subgraph. An input to the system for the 
component shown m Fig. 3.2 is given in Fig 3.12. The identified parent and child subgraphs 
are given in Table 6.1. Also, the subgraphs having maximum projected lengths in X, Y, and 
Z directions ( Gx , Gy, and Gz ), and in all the three directions simultaneously ( Gxyz ) are 
given in Fig (6.2) The output (Table 6.1) indicates that the component has the maximum 
projected length in all three directions Another component having maximum projected 
length m X and Y directions is shown in Fig. 6.2(a), and its graph in Fig. 6.2(b). The 
subgraph along with its vertices and edges obtained from the connectedness and subgraph 
identification module, are given in Table 6.2(a). With this as input to the system, its 
output is given in Table 6.2(b). 

6.3 Identification of loops in a component graph 

A 3-D component and its graph are shown in Figs. 6.3 (a) and 6.3(b) respectively. Various 
subgraphs along with their vertices and edges (Table 6.3) are determined according to the 
procedure given in Section 3.6. Recognition process for parent (gi) and child subgraphs 
{g 2 and g$ in Table 6.3) of a component graph, has been explained in the previous section. 
Parent and child subgraphs are made up of loops. A loop in the parent subgraph represents 
a plane in a component. If there are more than one loop in a child subgraph, then at least 
one of the loops will be located inside a loop of the parent subgraph, and other loops 
represent different planes in a component. On the other hand, if there is only one loop in 
a child subgraph, then it lies inside a loop of the parent subgraph. 



Subgraph 9j G 

Subgraph count j - 1 


Fmd v x v x v y 

j,max ],min j,max 

, y z and 

j,mvn j,max ana j,mm 


Determine projected length 

len x len ^ and le n z 
J J J 


= 3 + 1 


Is any \ 
subgraph 9 ’ 
present in 
\ G 9 / 


\ 

N 

Find maximum projected length 

len x , lenV , and len z 

max max max 

\ 

/ 

J z 

= 1 

y 

r <• 


Subgraph g 
belongs to J 

set C-x 


len x = len x 9 
j max 


Subgraph g, 
belongs to “ 

set G y 


len y 
. J 


len y 9 

max / 


( 2 ) 
v / 


Figure 6.1: Flowchart for identifying parent and child subgraphs 












Figure 6.1: Flowchart for identifying parent and child subgraphs (continued). 












Figure 6.1* Flowchart for identifying parent and child subgraphs (continued) 










. • 3 D and 2-D child subgraph features (a) Compone 

Figure 6.3: A 3-D component having 6 d d vertices an d edges, 

and (b) Component graph with lexicographically 
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Subgraphs G% 
Subgraphs Gy 
Subgraphs Gy 
Subgraphs &XYZ 

Subgraphs G 
Subgraphs G c 


g i 

9 1 

g l 

g i 

g i 


Table 6.1' Parent and child subgraphs of a component graph having the maximum projected 
length in all three directions 

6.3.1 Determination of number of independent loops in a com- 
ponent graph 

The number of loops present in a component graph is determined in accordance with 
Euler’s formula for wireframe model, and is given below : 

Let 

Lq loops present in the component graph. 

Lj loops present in the j th subgraph 
S models or subgraphs present in the component graph. 

According to Euler’s formula for wireframe model (eqn.(3.1)), the number of loops ( Lg ) 
in a graph is given by 

L g = 2S + E-V. (6.19) 

In Fig. 6 3(b), number of loops present in the component (Lg) is (2 x 3 + 27 — 22) = 11, 
and is calculated by Maze algorithm (Wilson, 1985). However, the number of independent 
loops ( L ) which represent planes, or forming features, or both in a component, is given by 

L = L g -S. (6 20) 


In Fig. 6.3.(b), L is 11 — 3 = 8. 

Identification of independent loops in parent and child subgraphs of a component graph 
and the loop of the parent subgraph in which the loop of child subgraph is located are 
discussed in the following sections. 
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Subgr aph 

g l 

v i v 3 

V 5 V 7 v u 

V 12 

V 15 

V 16 

Subgraph 

9 2 

v 2 v 4 

V 6 V 8 V 13 

V 14 

V 17 

V 18 

Subgraph 

9 3 

V 9 V 10 

V 19 V 20 




Subgraph 

9 1 

e i e 2 

e 5 e 7 e 8 

e i1 

e 16 

e l7 e l8 e 22 

Subgraph 

9 2 

e 3 e 4 

e 6 e 9 e i0 

e 12 

e 19 

e 20 e 21 e 23 

Subgraph 

9 3 

e i3 e u 

e i5 e 24 






(a) 





Subgraphs 

G X 

9 3 





Subgraphs 

Gy 

9 3 





Subgraphs 

G z 

9 1 9 2 





Subgraphs 

g xyz 

NULL 





Subgraphs 

g xy 






Subgraphs 

g yz 

NULL 





Subgraphs 

G ZX 

NULL 





Subgraphs 

Q P 






Subgraphs 

G c 

9 1 9 2 





(b) 

Table 6.2: For Fig (6 2) : (a) Vertices and edges of subgraphs present in the component 
graph, and (b) Parent and child subgraphs of a component graph having maximum projected 

length in X and Y directions 
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Subgraph g 

Subgraph g 

Subgraph g 3 

Subgraph g 

Subgraph g 

Subgraph g 3 


V 1 V 2 V 7 V 8 V 1 3 V 14 V 15 V 16 V 21 V 22 

v 3 v 4 v 5 v 6 v 9 v 10 v u v iz 

V 17 V 18 V 19 V 20 

e i e 2 e 3 e 4 e i1 ® 12 e i7 e i8 e i9 e 20 

e 21 e 22 e 27 

e 5 e 6 e 7 e 8 e 9 e 10 e 13 e 14 e 15 e 16 

e 23 e 24 e 2S e 26 


Subgraphs G p g 

Subgraphs G Q g ^ 


Table 6.3. For the 3-D component shown in Fig. 6 3, vertices and edges of subgraphs present 
in the various subgraphs, and parent and child subgraphs, present in the component are given. 
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6.3.2 Calculation and identification of loops in a parent sub- 
graph 

Determination of number of loops and number of independent loops m a parent subgraph is 
similar to that of the identification of number of loops and independent loops m a subgraph 


Calculating the number of loops and independent loops present in a parent 

subgraph . 

The number of loops {Lap), and the number of independent loops (L p ) present m 

parent subgraph of a component graph are determined with the help of eqns. (6 21 ) and 

(6 22 ) after finding the number of vertices and edges present m the subgraph. 


Lop = 2S + E } —V } , 


(6 21 ) 


where E, and V, are edge set and vertex set of j’ h subgraph belonging to the parent 
subgraph set G p . /g 2 2 ) 

L p = L a p -S K ' 

Fl g 6.3(a) shows a 3-D component and F.g 6 3(b) shows ,ts graph Vertices and edges 
present in the parent subgraph (*), determined by vertex fusion methodo o«, 

Table 6.3. There are 10 vertices, and 13 edges in the subgrap gp- ere o , 
of loops (L ar ) present in the subgraph 9i is determined as 5. 

Number rf indent to!ps (Lp) present in the parent subgraph <*) - evaluated by 

eqn ( 6 . 22 ), which is given by 
L p = 5-1=4. 

Identification of loops in the parent subgraph ^ vertices present in 

Loops present in a parent subgraph are 1 “ ' ^ By vector noima l method 

it by vector normal method and vertex usion . ^ var ; ous edges of the parent 

(discussed in Section 3.7), a plane equation is e ermin ’ present in the 

subgraph present in the plane under considera.cn are Bd* P 

plane 1 further processed to identify different ioops present in plane 
of vertex fusion methodology (explained in Section )■ 


Methodology (FA) matrix is determined for a parent subgraph. EA matrix 

Initially edge adjacency (E ) . F - a 4 (b) Edges in the EA matrix 

of the parent subgraph 91 ( g- • j get ^ If the edges are adjacent to each 

are placed in the same order as a 
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other, then, the value assigned to the cell is * 1 else 0 ( 0 is represented by an empty cell 
in EA matrix), i e , 


Q'Tn ) m > 


1 if edges e m and e m > are adjacent to each other 
0 otherwise (j ^ /) 


t m (E E-j, Cm' 


€ E v 


e m ^ e m <, and E, G g 3 

where a mrn / indicates the value of m tfl row and m n ^ column of the EA matrix. Edges e m and 
e m i are elements of lexicographically ordered set E 3 , which is a subset of lexicographically 
ordered edge set E. Hence, E 3 is also ordered lexicographically An edge e m is said to be 
adjacent to another edge e m », when one of the vertices is common to both edges. 

Edges present in the parent subgraph gi are given in Table 6.3. They are elements of 
edge set (Eli) and are given by 

E\ = {ei, e 2 , e 3 , e 4 , e 11? ei 2 , ei7, ei 8 , e 19 , e 2 o, e 2 i, e 22 , e 2 7 }. 

The degree of an edge d(e m ) for edges present in the EA matrix is determined as given 
in eqn. (6.23) and is defined as the number of edges adjacent to it. 


d(e m ) = J2 a m,m' V m'. (6.23) 

V m 

Various edges can be a part of a loop, if and only if the edge degree (d(e m )) is greater 
than zero It should also be noted that, if d(e m ) of a graph is zero, then the m th edge 
represents a self loop obtained for circular entity. Also, edges can be common for utmost 
two loops m the graphs of a sheet metal component. The maximum number of loops that 
an edge can have in common (loop degree of an edge ( l(e m )) is determined as given below : 


/(e m ) = rnin(d(v, tm ),d(v eim )) - 1. 


(6 24) 


For the parent subgraph (pi) under consideration, d(e m ) and l(e m ) is given in Fig. 6 4(b). 

If d(c m ) of at least one edge present in EA matrix is greater than one, then the inde- 
pendent loops in the subgraph are identified. The loops are identified by determining edge 
vectors (eqn. (3 14)) for a pair of edges in the edge set E.,, such that they are adjacent to 
each other, and they precede all other adjacent edges in E } . 

For EA matrix shown in Fig 6.4(b), since d(e m ) of edges are greater than one, first 
two edges ei and e 2 are selected, as they are adjacent to each other, and they precede 
all other edges in the edge set E\. The plane equation is determined by finding a vector 
normal (AV) to the edge vectors as discussed in section 3.7 and is given by 

(6 25) 


NVl m ,x + NVl m ,y + NVl m ,z = CV m , M . 




r._ 6 3ra^ (a) Parent subgraph of the compo- 
Figure 6.4: For the 3-D component aph alo ng with degree of an edge 

nent, and (b) Edge adjacency ( ) 

and degree of a loop. 
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where the coefficients of x, y , and z are coefficients of unit vectors i, j , and k of the normal 
vector (NV) respectively The constant CV mym i m eqn (6.25) is determined by substituting 
the coordinate values of any one of the vertex belonging to edges e m or e m /, since they are 
located m the same plane. 

Edges other than the edges e m and e m > of the subgraph are processed to determine its 
presence in the plane under consideration (An edge is said to be contained in the plane, 
if and only if both start and end vertices are lying in the plane under consideration Start 
and end vertices are said to be m the plane, if both vertices satisfy the plane equation 
(eqn. (6 25)) The process of determining edges in a plane is continued till no more edges 
are left in the edge set E : 

In the process of identifying edges of the plane under consideration, all edges that 
are identified may not be present m a single loop or they may form a path. Therefore, 
connectedness of edges in a loop is determined by vertex fusion methodology 

In Fig. 6.5(a) edges ei, e 2 , e3, e 4, and e 7 lie in the same plane, but only e 4 , e 2 , e3, 
and e 4 form a loop. Therefore, to find the connectedness between edges in a plane, vertex 
fusion methodology is used. The output of vertex fusion methodology for the plane under 
consideration is given in Fig. 6 5(b) 

After identifying a loop, the loop count ( lc(e m )) of edges forming a loop is incremented 
by one If the loop count of edges and their loop degree (Z(e m )) are equal, then rows and 
columns of those edges are discarded from the matrix. If all the rows and columns get 
discarded from the EA matrix, then it represents a single loop in the parent subgraph, and 
hence only one plane is present in it Otherwise two more edges forming a different loop 
or path are selected, such that they are adjacent to each other, and precede other adjacent 
pair of edges in the EA matrix. If the edges selected provide a path, but not the loop, then 
different edges are chosen retaining the previous selected edges in the EA matrix. The 
process is continued till the edges in the remaining EA matrix do not provide a loop. In 
the EA matrix, edges do not provide a loop, if d(e m ) of at least one edge is not greater 
than one. This methodology is explained below for the parent subgraph g\. 

Implementation 

The EA matrix for the parent subgraph (gi) is given in Fig. 6.4(b). Initially two edges 
ei and e 2 are selected, and the plane equation is determined. Other edges which satisfy this 
plane equation are e 3 and eu. By vertex fusion methodology, it is found out that all the 
four edges form a single loop. Therefore, the loop count of edges (/c(e OT )) is incremented 
by one. After the increment, the loop count and loop degree of ei, e 2 and e u are found to 
be equal, i.e., one. Therefore, in Fig. 6.6(a), the EA matrix along with the degree of edges 
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Edges in a loop l ^ ey eg eg e 4 

Edges in a path e 7 

(b) 

Figure 6.5: A 3-D component having edges in the same plane, but forming a loop and a path : 
(a) Graph showing edges t\, 62, 63, e 4 and e 7 located in a plane, and (b) Connectedness of 
edges in the plane under consideration 
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(c) 

Figure 6.6: Steps in determining independent loops present in the parent subgraph. 


(d'(e m )) after discarding the rows and columns representing e%, 62 , and en is given in Fig. 
6.4(b). 

Since, the EA matrix is not empty and d'(e m ) of few edges is greater than one, the 
identification process of edges in a plane is continued 

Now, the edges e 3 and e 4 are selected for determining edge vectors, and in turn the 
plane equation. The edges m EA matrix which also satisfy this plane equation are en and 
ei 7 - By vertex fusion methodology, it is found out that all these four edges form a loop As 
before, the lc(e m ) of edges is incremented by one. Since loop count of e 3 and its loop edge 
are equal (i.e., ( l(e m ) — lc[e m )) = 0), the row and column representing it are deleted from 
the matrix. The remaining EA matrix along with ^(e^) and (l(e m ) - lc(e m )) are shown in 
Fig. 6.6(b). 

In EA matrix, d'(e m ) of few edges is greater than one, and hence loop identification 
process is continued. From the EA matrix of Fig. 6.6(b), a pair of edges e 4 and ei 7 is 
selected, which are adjacent to each other and the pair precedes all other adjacent pairs of 
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edges in the edge set E 3 

After determining the plane equation and also checking for edges contained in this 
plane, it is found out that the edge e u is located m the plane Edges e 4, e 12 and en are 
connected (determined by vertex fusion methodology), but they form a path Therefore, 
next pair of edges (e 4 and e 18 ) adjacent to each other is selected as the pair precedes other 
adjacent pair of edges in the edge set E\ Forming of plane equation and checking for edges 
lying in the plane are continued, and it is found out that there is no other edge which lies 
m this plane, and hence e 4 and e 18 also forms a path During the subsequent selection 
of pair of edges to determine plane equations [t\i and 617 and e 12 and eig), loops are not 
determined, but still loop identification process is continued, since d'(e m ) of all the edges 
is greater than ‘1’ (Fig. 6.6(b) 

When eiz and e 18 are selected to find the plane equation, a loop is determined by having 
e 17i ei 8 , e 19 and e 2 i as its edges Therefore, the loop count of these edges is incremented by 
one. The row and column representing en are deleted from EA matrix, and the remaining 
EA matrix is shown in Fig 6.6(c). 

Edge degree d'(e m ) of few edges is greater than ‘1’ in EA matrix, and therefore the 
loop identification process is continued and another loop having edges e 2 o, e 2 i, e 22 and e 2 7 
is determined. After identification of this loop, the EA matrix is shown in Fig. 6.6(d). 


In this EA matrix of parent subgraph, the edge degree (rf'(e m )) of the all edges is one 
(which indicates that every edge has only one edge as its adjacent edge), and therefore 
they cannot form a loop. Hence loop finding process is stopped. 


It should be noted that, the edges remaining in the EA matrix (Fig 6.6(d)) form a 
part of boundary edges of the component. Edges having loop degree of ‘2’, and which are 
not present in the final EA matrix are common edges between the two loops Thus e 4 , e 12 , 
e 18 and e 19 form a part of boundary loop of the component graph and e 3 , e 17 and e 21 are 
common edges present in two different loops of the parent subgraph (*). The edges which 
are identified in different loops are given in Table 6.4. It can be seen that the num er o 
independent loops identified in the g x are 4 (/,i.i, l g 1,2, * fl i,3> h 1,4) which is in accor ance 

with eqn (6.22). 


During implementation discarding rows and columns is a cumbemome process and 
therefore flags are used for recognizing whether to consider the particular row and column 
or not for further processing. The output of edges m each loop, and common edges present 

in the subgraph are given in Table 6.4. 
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Loop in a parent subgraph l g1>1 e ; e 2 e 3 e 11 

Loop in a parent subgraph 1 gl ,2 e 3 e 4 e 12 e 17 

Loop in a parent subgraph 1 gl ,3 e 17 e 18 e 19 e 21 

Loop in a parent subgraph 1 gl ,4 e 20 e 21 e 22 e 27 

Common edges e_g e /7 e 21 

Table 6 4 - Edges present in different loops of the parent subgraph, and common edges present 
in various loops 

6.3.3 Identification of loops in child subgraphs 

Number of loops ( L c ) present m child subgraphs of a component graph is determined as 
below : 

L c = L - L p . (6 26) 

In case of a component graph (Fig. 6.3(b)), the number of independent loops present 
in child subgraphs are 4 ( L c = 8 — 4 = 4). If there are more than one child subgraphs in 
a component graph, then number of loops ( Lg c ,] ) and independent loops (L Ci} ) present in 
each child subgraph are determined with the following equations (eqns. (6.27) and (6.28)) 
by finding the number of vertices and edges present in each child subgraph. 

Lgc,j = 2S + E } — Vj V j € J, such that g } G G c (6.27) 

where E d and V 3 are edge set and vertex set of j th subgraph belonging to the child subgraph 
set G c and independent loop L CiJ of j th child subgraph is 

L Ct] = L Gc , , ~ S. (6 28) 

There are two child subgraphs ( g 2 , and 53) for the component graph shown in Fig. 6.3(b). 
Vertices and edges present in child subgraphs determined by vertex fusion methodology 
are given in Table 6.3. There are 8 vertices, and 10 edges in child subgraph g 2 , and 4 
vertices and 4 edges in second child subgraph g 3 . Therefore, number of loops (Lg c ,u an< ^ 
Lgci) present in < 72 , a nd g 3 subgraphs respectively are identified in accordance with eqn. 
(6.28), which are given below : 

L G c, 2 = 2 x 1 + 10 - 8 = 4 


and 
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Lgc , 3 = 2 x 1+4 — 4=2 

Independent, loops (L Ci 2 and Z, Ci3 )) present in child subgraphs (g 2 , and < 73 ) are identified 
by eqn 6.28, which is given below : 

L c , 1 = 4-1=3 

and 

jL c ,2 = 2-1 = 1 

Loops in each child subgraph are identified m the similar way as that of the identification 
of loops of the parent subgraph 

A child subgraph g 2 of the component graph G (Fig. 6 3(b)), and its EA matrix along 
with degree of edge (d(e TO )) and loop degree (l(e m )) for edges present in g 2 are given m Fig. 
6 7(a) Similarly, child subgraph g 3 of the component graph G (Fig 6.3(b)), and its EA 
matrix along with degree of edge (d(e m )) and loop degree (/(e m )) for edges present in g 3 
are given m Fig. 6.8(a). The output of the the system is given in Figs 6.11(b) and 6.12(b) 
for g 2 and g 3 respectively. The number of loops identified are three {l g2 ,i, ^ 2 , 2 , ^ 2 , 3 ) m case 
of g 2 subgraph, and one (/ s3j i) in case of g 3 child subgraph. 


6.3.4 Identification of child subgraph loop present in the parent 
subgraph loop 

A child subgraph loop is said to be located in a loop of the parent subgraph, if the plane 
equation of the loops are the same In a child subgraph if there are more than one loops, 
then at least one loop lies inside a loop of parent subgraph, and the other loops may be 
either inside a loop of the parent subgraph or outside. On the other hand if there is only 
one loop in a child subgraph, then it will lie inside one of the parent subgraph loops 


Implementation 

The plane equation of loops ate determined while finding independent loops in parent 
and child subgraphs. Each child subgraph loop is processed to determine the loop of the 
parent subgraph in which it contained by comparing the plane equations. Once the loop 
of a child subgraph located in a plane is determined, then the process is continue or 
another child subgraph loop till all the loops in the child subgraph are over. The flowchart 
for the same is shown in Fig. 6 9, and the output of the system is given m Fig. 6.7(b) 
and Fig. 6.8(b) for child subgraphs p 2 and ps respectively of the component graph given in 

Fig. 6.3(b). 
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e 1 6 


Common edges eg e^g 

Child subgraph loop located in 

the parent subgraph loop ^ g2 1 ' n ^ gl 1 

(b) 

Figure 6.7. (a) Child subgraph g 2 of the component graph and EA matrix along with degree 
of edge and loop, and (b) Edges present in different loops, and child subgraph loop located in 
the parent subgraph. 
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Figure 6.8: (a) Child subgraph g z of the component graph and EA matrix along with degree 
of edge and loop, and (b) Edges present in different loops, and child subgraph loop located in 

the parent subgraph. 




Figure 6.9: Flowchart for identifying child subgraph loop located in the parent subgraph loop. 
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p |one b Vg ^ <1 

P' one h Pg 2 ,1 

Table 6 5 Curved planes present in the component graph 

6.4 Recognition of a curved plane in the component 

Bend allowance is calculated for curved surfaces of a component to get its flat pattern 
development. In wireframe model, a curved plane is represented by curved edges, i.e., arcs. 
A loop having an edge as an arc is selected A point (other than the start and end vertices) 
lying on the segment of the arc is determined. If the point satisfies the plane equation (eqn. 
(6 25)) of the loop under consideration, then the plane is linear, otherwise it is a curved 
plane 

Implementation 

Flowchart for identifying a curved plane in the component from its graph is given in 
Fig. 6.10 It should be noted that a subgraph is considered for finding the curved surface 
only if it has more than one loop. Output of the above methodology for the component 
graph shown in Fig. 6.3(b) is given in Table 6.5. 


1 9 -/ ,2 
V 2 


Bend 

Bend 


6.5 Identification of adjacent planes 


For recognizing forming features in a component, the adjacency relat.onship between planes 
,s required. It should be noted that loops identified in the parent subgraph of a component 
graph represent planes or forming features, or both in a component as discussed earlier 
Also, in case of child subgraphs of a component graph, if the number of loops identified are 
more than one, then at least one of the loops lies inside the plane of the parent subgrap , 
and other loops which are not present in the parent subgraph loop represent different planes 
in the component. On the other hand, if there is only one loop in a child subgraph, then 
it is located inside the plane of the parent subgraph A plane is said to be adjacent to the 
other plane, if there is at least one common edge between the two loops in a subgraph^ 
The flowchart for identifying an adjacency plane relationship (APR) matrix for parent and 


child subgraphs is given in Fig. 6.11. 

Adjacency plane relationship (APR) matrices of parent and child subgraphs of the 
component shown in Fig 6 3(a) obtained with the above method are given in Fig 6.12. 
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Figure 6 10: Flowchart for identifying curved plane in a component graph. 
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Figure 6.11: Flowchart for determining adjacency plane relationship (APR) matrix for a com 
ponent graph. 









Figure 6.11: Flowchart for determining adjacency plane relationship (APR) matrix for a com 
ponent graph (continued). 
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Figure 6.12: (a) APR matrix of the parent subgraph, and (b) APR matrrx of the child subgraph. 


In the APR matrix, the value of the cell (or,, 18 eltlwr 1 
by an empty cell). If the cell value is ‘1’, then the loop ra 
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1 if there is at least one common edge between two loops ^ 
in the subgraph l 3] , P i and l gj , p v 
0 otherwise. 
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6.6 Cross-bend feature extraction 

Forming features other than the features (cross-bend features in Fig. 6.13) located in 
different adjacent planes in a subgraph of a component graph can be identified directly 
from the subgraphs recognized. Features present in a bend feature zone and its adjacent 
planes are termed as cross-bend features. 

A cross-bend feature can be present both m parent and child subgraphs Cross-bend 
features present along the curvature bend and sharp bend zone in a component are shown 
in Fig. 6 13(a) and the component graph is given in Fig. 6.13(b). The methodology used 
to identify these type of features is explained below : 

Step 1. Determine the number of common edges present between two adjacent planes 
in a subgraph 

Step 2. If the adjacent planes in a subgraph have more than one common edge, then 
it indicates that the adjacent planes under consideration of the subgraph have cross-bend 
features 

In Fig. 6 13(b), two common edges e-j and ejo are present between flat plane fp g i,i 
and curved plane bp g i t i Therefore, the subgraph is processed to delete the common edges 
present in it. After deletion of common edges from the subgraph, it is given in Fig. 6.14(a). 
Common edges in a subgraph are determined as explained in Section 6.3.1 of identification 
of loops 

Step 3. Different sub-subgraphs present in a subgraph under consideration are deter- 
mined by the vertex fusion methodology as explained in the Section 6.2. 

Step 4. The sub-subgraph identified in Step 3 form a loop. The loops located inside 
another loop of a sub-subgraph are identified as cross-bend features. 

Implementation 

During implementation, the rows and columns representing vertices of common edges 
are not deleted from the vertex adjacency (VA) matrix of the graph, but they are discarded 
from the VA matrix by assigning a flag, and vertex fusion methodology is carried out to 
identify different sub-subgraphs. The identified cross-bend features of the component graph 
shown in Fig. 6.13(b) along with vertices and edges present in each cross-bend feature are 
given in Fig. 6.14(b). 

6.T Recognition of forming features 

In the present work, combination of geometry reasoning and pattern recognition process is 
employed as a strategy for recognizing the forming features. The recognition process is of 
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Figure 6.14: (a) The component graph after removing common edges between planes having 
cross-bend features, and (b) Vertices and edges present in cross-bend features. 
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two levels : 

(i) In the first level, entities belonging to an entity group are identified. From this entity 
group (which represents subgraphs of a component graph) parent and child subgraphs axe 
identified. In each subgraph, loops are determined and their type (i.e., curved or linear 
type) are recognized along with their geometrical parameters. Adjacency plane relationship 
(APR) matrix for all the subgraphs is generated and subgraphs are further processed to 
extract cross bend features. Thus the first level of feature recognition is general in nature. 

(ii) In the second level , which is domain specific, the preprocessed information obtained 
from the first level is utilized to recognize forming features with the help of pattern recog- 
nition methodology In pattern recognition process, features are identified by matching 
(i.e., by comparing the properties) the patterns of features developed with the patterns 
extracted from the component If the two feature graphs are isomorphic, then the pattern 
is said to be matched and the feature is present in the component graph, otherwise not. 
Two graphs are said to be isomorphic not just based on the adjacent relationships of nodes, 
but when all the information present in the nodes and edges of the two feature graphs are 
same. 

Let FGi(Vi,E\) and FG 2 (\ 2 , E 2 ) be two feature graphs and : FG\ => FG 2 , where 

be isomorphism, which maps FG\(V\,Ei) onto FG 2 (V 2 , E 2 ) Isomorphism if) is defined 
such that 

1. V v t € Vx, 9 v[ € V 2 , such that if>(v t ) = v[ 

2 V e m € Ei, 3 e' k € E 2 , such that e' k = 

Various forming features and their graphical representation along with geometrical and 
topological information required to represent them are discussed in the following section. 

6.7.1 Characteristics of forming features 

A forming feature is a set of geometric entities consisting of edges which are spatially 
connected such that they can be manufactured by forming operations. Forming features are 
found between planes, inside the planes or at the sides of a component. 

Forming features are broadly classified into three categories (Fig. 2.8) viz., parent sub- 
graph features, child subgraph features and parent-child subgraph features Classification 
system of forming features is based on the classification system of forming operations 
(Fig.2.7), and is discussed in Section 2.5.2. Features considered for recognition in the 
present work are bending, curling, contour roll, flanging, hemming, joggling, and louvering. 
The definitions of the above operations and figures are given in Appendix B. Graphical 
representation of features, and geometrical and topological information associated with 
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them are given in Figs 6.15 to 6 17. The principle of isomorphism of graphs is used to 
recognize features extracted from the component graph with the feature graphs developed, 
and geometrical and topological information associated with the feature graphs Graphical 
representation, and the geometrical and topological information associated with different 
types of forming features are explained below • 

Bending feature characteristics 

Bending operation is used to form linear sections from the flat sheets Therefore, bend- 
ing features are present between two planar planes of the parent subgraph of a component 
graph. The bend feature represents a loop or a path. As shown in Fig. 6 15(a(i) ) , graph of 
the curvature bend feature (i.e. , mean radius of bend is not zero) is a loop, and consists of 
four nodes and four edges. If the bend is of sharp type (Fig. 6. 15(a(ii) ) , i.e. mean radius 
of bend is zero, then the graph represents a path, and is made of two nodes and one edge 
Thus, the bending features are characterized as : 

1 Bending feature graph is present in the parent subgraph. 

2 Bending feature is present between two planar planes, such that they are adjacent to 
the bend feature. 

3. Curvature bend feature is represented by a single curved plane, and sharp bend 
feature is represented by an edge, which is the intersection of two adjacent planar 
planes. 

4. The graph of a curvature bend is a loop, having four vertices and four edges, such that 
the two vertices located in the adjacent planar planes of curved plane are connected 
by arc type of entities (vertices Vi and v 3 in Fig. 6.15(a(i))). 

5. Graph of a sharp bend feature is a path, and it consists of two vertices and one edge. 

It should be noted that during pattern recognition, the type of bend feature graph 
selected is based upon the type of bend (i.e. curvature bend or sharp bend). 

Curling feature characteristics 

Curling process is used for forming an edge of circular cross section along the length 
or width of a component. Hence, curling feature graph represents a loop and it is the end 
plane of a component (Fig. 6.15(b)). The curling feature has following characteristics : 

1. Curling feature graph is present in the parent subgraph. 
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Figure 6.15: Graphical represent, and geometrical and «opolog,cal ."formation of form, ng 
features present in a single plane of the parent subgraph. 




176 


SI Feature 
No name 


Feature 

representation 


Graphical 

representation 


Geometrical and 

topological 

information 


(a) Flanging 



get 


O — O 

bpj or bp ^ fP 


(b) Hemming 



o — o 

bp fP 


(c) Joggling 



Feature graph is present 
in the parent subgraph 

Feature planes are 
present at the sides 
of the component 

Feature graph consists 
of bend and flat planes 

Width of the feature 
plane is smaller with 
respect to the part size 


Feature graph is present 
in the parent subgraph 

Feature planes are 
present at the sides 
of the component 

Feature graph consists 
of bend and flat planes 

Width of the feature 
plane is smaller with 
respect to the part size 

Flat plane of the feature 
is flattened against the 
flat plane of the port 
180 degree 


Feature graph is present 
in the parent subgraph 

Feature graph consists 
of two bend planes and 
three flat planes 

Bend planes of the 
feature are bent in the 
opposite directions, 
having same radius 

Flat planes present at 
the end of the feature 
are parallel to each 
other, and are in 
opposite direction 


Figure 6 . 16 : Graphical representation, and geometrical and topological information of forming 
features present in a few multi-planes of the parent subgraph. 
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2. Curling feature is the end plane of a component. It is connected to a flat plane of 
the component on one side 

3 It is represented by a single curved plane 

4. The graph of the feature is a loop, and has four vertices and four edges such that, the 
edges connecting the vertices of one degree and the vertices located in the adjacent 
planar plane are arc type of entities. 

Flanging feature characteristics 

Flanging is a process of forming an edge and is similar to bending, except that the metal 
bent down is shorter when compared to the overall part size. Thus a flange (Fig 6.16(a)) is 
the end plane of the component The adjacent plane of the flange may be curvature bend 
feature or an edge representing sharp bend feature as shown in Fig. 6 16(a). Flanging 
operation is done in a flanging die such that the bend feature and the flange (i.e. short 
plane) associated with it are done simultaneously. Therefore, flanging feature is classified 
as multi-plane feature, and its characteristics are summarized below : 

1. Flanging feature is present in the parent subgraph 

2. Flange is present at the end plane of the component. 

3. Flanging feature is a multi-plane feature. 

4. The graph is represented by bend plane and flat plane. 

Hemming feature characteristics 

Hemming is an operation in which flanges are flattened against the workpiece by 180 
degree bends to make a finished or reinforced edge. Hence, the hemming feature is present 
in the parent subgraph, and it is multi-plane feature (fp and bp together in Fig. 6.16(b)). 
Its representation is similar to that of the flanging feature, except that the end plane (fp) 
adjacent to the bend plane (bp) will be either parallel to another adjacent plane of bp by 
180 degrees or the flat end plane is bent more than 180 degrees, as in the case of tear drop 
hems (Appendix B). 

Joggling feature characteristics 

Joggling operation is an operation, in which offset of flat planes (fp\ and fpi) is 
obtained by two parallel bends in opposite directions at the same angle. Thus, joggling 
feature (Fig. 6.16(c)) is present in a parent subgraph, and it is a multi-plane feature. The 
graphical representation of the feature with respect to planes is given in Fig. 6.16. The 
geometrical and topological characteristics of a joggling feature are : 
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1. Joggling feature is present in the parent subgraph 

2 Joggling feature is a multi-plane feature 

3 Joggling feature graph consists of three flat planes and two bend planes in it, and 
they are placed in the feature graph as shown m Fig 6 16 

4. The end planes of the feature are planar planes, and they are parallel to each other 
in the opposite directions. 

Contour roll feature characteristics 

In contour roll process, the desired shape for long components of uniform cross section 
is produced by feeding the raw material longitudinally through a series of contoured rolls 
Therefore, the entire component forms the contour roll feature (Fig. 6.17(a)), provided the 
component has uniform cross section. The contour roll feature is characterized as given 
below : 

1. Contour roll feature is present in the parent subgraph 

2. Each loop (plane) in the component graph will have only four vertices and four edges, 
since the cross section of the component is uniform in the longitudinal direction. 

3. Lengths of the planes are same, angle between adjacent edges of a plane is 90 degrees, 
and starting edges of the planes perpendicular to the length of the component start 
from the same plane. 

Louvering feature characteristics 

Louvering is a process in which both lancing and bending operations are done. Thus, 
louvering feature (Fig. 6.17(b)) has bend plane feature, and the planes adjacent to this 
bend feature are flat planes. If the feature is present in the child subgraph (Fig. 6.17(b)), 
then one of the loops (fp 2 ) adjacent to the bend feature (bpf) represent* flat plane, and 
other adjacent loop located in the plane of the. parent subgraph loop represents lancing 
feature, which is a 2— D plane feature. In case of its presence in parent subgraph, then the 
adjacent planes of the curved plane are flat planes The louvering feature is characterized 
as given below : 

1 Louvering feature is a parent-child subgraph feature. It may be present in both 
parent as well as child subgraphs. 

2. Louvering feature is a multi-plane feature, having bend plane between two flat planes 
as shown in Fig.6. 22(b). 

3. Lancing feature and bend feature are associated with louvering feature. 
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6.7.2 Feature recognition 

Features are recognized by deriving a set of principles to relate them geometrically and 
topologically. As in case of recognition of shearing features, all forming features are iden- 
tified for a component. This is due to the fact that identification of various operations by 
means of which a component can be manufactured helps in the development of alternative 
process plans and in turn, an optimized process plans from the alternative process plan 
can be selected by taking various constraints into account. Initially bend features are iden- 
tified in a subgraph. Then, end planes and its type (1 e curved or flat) are determined 
in a subgraph. Afterwards, features are recognized by matching test graph features with 
the pattern graph represented earlier for bending and curling. Matching is done by both 
heuristic process and isomorphic equality process. Also, by this process other forming 
features are recognized after combining adjacent planes The heuristic and isomorphic 
equality processes are explained in the following sections 

Heuristic process 

In Heuristic process, a pattern graph is rejected if it is not isomorphic with the test 
graph under consideration. Thus heuristic procedure helps in rejection of a pattern This 
procedure is in accordance with the definition of isomorphism of graphs (Deo, 1990). The 
definition of isomorphism states that two graphs may be isomorphic if the following condi- 
tions are satisfied, since the conditions are essential for graphs to be isomorphic, but they 
are not sufficient. The conditions are : 

1. Number of vertices in a test graph should be same as that of a pattern graph 

2. Number of edges in both the test graph and pattern graph has to be same. 

3. Equal number of vertices with a given degree should be same in test and pattern 
graphs. 

If pattern graph and test graph satisfy the above conditions, then the test graph is 
further considered for its isomorphic equality. 

Isomorphic equality 

Heuristic method is applied for checking the isomorphic equality of two graphs, which 
depends on the classification system of features. In this method, adjacency matrices along 
with geometrical and topological information of test feature graph (TFG) and pattern 
feature graph (PFG) are compared . If the adjacency matrices of feature graphs (TFG 
and PFG) are same, and information associated with them given in Fig 6.15, Fig. 6.16, 
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and Fig 6.17 for each feature graph are also same, then the test feature graph is said 
to be isomorphic with the pattern feature graph under consideration. Determination of 
adjacency matrices for vertices, edges and planes (i.e , VA, EA and APR matrices) have 
been explained earlier in the thesis. 

Recognition of parent subgraph features present in a single plane 

In isomorphic equality of forming features present in a single plane of parent subgraph, 
the feature graphs of pattern and test are said to be same, if the vertex and edge adjacency 
(VA and EA respectively) matrices of pattern feature graph (PFG) and test feature graph 
(TFG) are same Also geometrical and topological information associated with the PFG 
(Fig 6 15) should satisfy by the TFG 

Recognition of parent subgraph features present in a few multi-planes 

Adjacency plane relationship (APR) matrix of a bending feature is determined after 
bending features present in the parent subgraph are identified as given in the previous 
section. Further based on the the geometrical and topological information associated with 
the PFG (Fig. 6.16), TFG are said to be isomorphic with the appropriate PFG. 


Recognition of parent subgraph features present in all planes 

In this type of isomorphic equality checking, the TFG is tested for only the cross section 
of the component. If it satisfies the geometrical and topological information given m Fig. 
6.17, the TFG is said to be isomorphic with PFG 


Recognition of parent-child subgraph features 

After the development of flat pattern, the component is processed to identify the lancing 
feature. If the lancing feature is associated with the bend feature (adjacent plane infor 
mation is determined from APR matrix), then the isomorphic equality process is came 
out. The combination of lancing and bending features of TFG is said to be isomorphic 
with louvering PFG (Fig. 6 17(b)), if geometrical information and topologica m orma- 
tion associated with PFG is satisfied. In the following section flat pattern developmen 
methodology for a 3-D component by tailing thinning effect into consideration is given. 

6.8 Flat pattern development for a component 

Flat pattern development for a component is defined as the resulting shapeof the devd^ 

ment of surfaces which refer to the process of unfolding or unrol ing a 

(Pickup, et all., 1972). Flat pattern of a component « required to cut the exact shape and 
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size of the blank to manufacture the component, and for nesting to utilize the raw material 
optimally 

Nee and Chong (1988), and Loh et al , (1992) have used flat pattern development for 
sheet metal parts of heating, ventilating and air-conditionmg ducts using slab method 
(Sachs and Voegeli, 1966) for calculating the bend allowance Nnaji et al , (1993) have 
also used slab method for finding bend allowance to develop flat pattern for components 
created in a solid model. Also, presently in many sheet metal industries, a flat pattern is 
developed manually using the slab method for calculating bend allowance Prasad and So- 
masundaram (1993) have developed a mathematical model for calculating bend allowance 
m automated sheet metal bending by taking thinning effect into consideration. The bend 
allowance parameter is calculated by assuming plane-strain deformation and a rigid-plastic 
raw material. 

Before further discussion on the flat pattern development, terminologies used in bending 
are given in Fig. 6 18 (Sachs and Voegeli, 1966, Lascoe, 1988, and Metals handbook, Vol 
4, 1979), for easy understanding of calculating the bend allowance. 

Bending terminologies and definitions 

Bend radius (R tn ) ■ Bend radius is defined as the part radius on the inside of the 
bend. 

Bend angle ( A ) : Bend angle is the actual angle between two flat portions or, if 
these are missing, then it is given by the angle between the tangents to the bend 
curvature at both ends. 

Bend length ( L ) : It is the length of the bend. 

Bevel angle ( B ) : Bevel angle is the difference between the bend angle and 90 
degrees. 

Set back ( X ) : Distance between outer mold line to the bend line of the part is 
called set back. 

Neutral axis ( R neu ) : In neutral axis, the stress is zero, and it is the axis in which 
the length of the bend is retained. 

Bend allowance (BA) : The developed or initial length of the center line of the 
bent arc is termed as bend allowance. 



A Bending angle 
B Bevel angle 
C Leg of flange or 
width of web 


L Length of bend 
R m Bend radius 
t Thickness of material 
X Set back 



Figure 6.18: (a) Bending terminologies, and (b) Bending stresses 
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6.8.1 Calculation of bend allowance in a component and imple- 
mentation 

In the slab method used for calculating bend allowance, the thickness change occurring in 
the bend zone is neglected. Therefore, the radius of curvature of the neutral axis would be 
equal to the sum of bend radius and half of the metal thickness, and the bend allowance 
is given by 

BA = {R tn + t/2)*(7r*A)/m. (6 30) 

Thus in slab method only geometry of the bend is taken into consideration, neglecting 
the material properties. 

In case of thinning effect consideration (Prasad and Somasundaram, 1993), strain hard- 
ening of the material is considered along with geometrical properties of the bend for cal- 
culating the bend allowance In this research of feature recognition of forming operations, 
a flat pattern development of a sheet metal component is done based on the mathemati- 
cal model developed by Prasad and Somasundaram (1993) for calculating bend allowance. 
This is essential as we know that a curved plane changes its length slightly along the center 
line and will be larger than its length in the blank, when the bend allowance is calculated 
This is due to the fact that bending results m a decrease of metal thickness in the bend 
zone. It should be noted that the bend allowance becomes smaller with decreasing bend 
radius. Any inaccuracy in the calculation of bend allowance may result in increasing the 
inaccuracy in the final flat pattern development of the component. This will in turn lead 
to the incorrect blank size, and hence in the location of bend lines, slots, holes, etc., as 
well as incorrect length in cross bend features 

In the model proposed by Prasad and Somasundaram (1993), the bend allowance is 
calculated along the fiber, free of strain, which is called the unstretched fiber, and the 
stress free fiber is called neutral fiber. 

The nomenclature used in the development of necessary equations for bend allowance 
are given below in accordance with the Fig. 6.19 and Fig. 6.20. 

BA bend allowance. 
e tn surface strain at innermost fiber. 
e out surface strain at outermost®fiber. 
k strength coefficient of material. 
n strain hardening exponent. 

R tn inner radius of bend. 

Rm radius of mean fiber. 

R neu radius of neutral fiber. 
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Figure 6 19 Location of important fibers in bending (Prasad and Somasundaram, 1993). 

R out outer radius of bend. 

R un radius of unstretched fiber. 

Rv.nnew radius of new unstretched fiber. 
td deformed sheet thickness. 
tdnew new deformed sheet thickness. 
t m initial sheet metal thickness. 

o y yield stress. 

6 included angle of bend. 

0„ start angle of bend. 

6 e end angle of bend. 


Location of various important fibers in the bending process are shown in Fig. 6 19. Since 
strain hardening of the material is considered, these fibers coincide only at the beginning 
of the bending process. During bending process, fibers of the work material are subjected 
to transverse stress and strain conditions, and continuously change during the bending 
process Fibers between R ou t and R m are stretched during bending; fibers between Rm and 
R un are initially compressed and then stretched more than they are compressed. Fiber at 
Run represents the unstretched fiber and the stretch is equal to the compression. Fibers 
between R un and Rncu are first compressed and subsequently stretched, but less than 
they were compressed initially. Fibers between R ne m and R n are only compressed. The 
algorithm used to find the bend allowance (Prasad and Somasundaram, 1993) is given 



Get material properties Vy, n > k, t %n 
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subgraph count j = 1 
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Figure 6.20: Flowchart for calculating bend allowance in the curved planes of a component. 
















Figure 6.20: Flowchart for calculating bend allowance in the curved planes of a component 
(continued). 
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Algorithm and implementation 

Step 1. Initially the surface strains are determined by assuming that the thickness 
remains constant, which is achieved by integrating the following equations 


c m 



(6 31) 


£ out 


rRtn+td ^ 

J oo 


Rm + id 


--) dR in 

■ttneu 


(6.32) 


Step 2. The first approximation of the thickness of the sheet at the deformed zone 
is determined by using eqn. (6.33) with the value of strains in the previous step 
calculated 


idnew — 


(1 T o ( e,n + e ° ut )) 


(6 33) 


Step 3. Again calculate the surface strains using the new value of the thickness of 
the sheet determined in the above step (Step 2) and eqns. (6.31) and (6.32). 


Step 4. Goto step 3 until the difference of thickness (tj,) and tdnew in the deformed 
zone in the successive approximation is below the prescribed limit. 


The flowchart for calculating bend allowance along the unstretched fiber in a component 
is given in Fig. 6.20. Surface strains (e, n and e out ) are calculated at the evaluated value of 
Rneu by Gauss-quadrature numerical integration, assuming M (Fig, 6. 20) as a large value. 
The output of the flowchart for two curved planes present in the component shown in Fig 
6.3(a), are given in Table 6.6 along with the inputs used for calculating the bend allowance. 


6.8.2 Flat pattern development and implementation 

The flattening process for a component begins by finding a flat face having maximum 
number of edges in a parent subgraph. The wireframe model is drawn such that it repre- 
sents the mean axis of the component. The bend allowance (BA) is calculated as given in 
the previous section by taking thinning effect into consideration, and finding the radius of 
the unstretched fiber. Planes are flattened recursively with respect to the reference plane 
(Satyadev, 1995), by initially rotating the bend plane and the subsequent planes about 
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All dimensions in mm 



Row material type 


A K Steel 

Yield stress (kgf/mm ^ ) 

a y 

172 80 

Strength coefficent k 


510 6 

Strain hardening exp n 


0 22 

Initial thickness t 


2 00 

Plane 


9 1 > 1 

Radius of mean fiber 

R m 

13 83 

Included angle 0 


55 

Bend allowance BA 


13 15 

Plane • 


62 V 

Radius of mean fiber 

R m 

5 00 

Included angle 9 


180 

Bend allowance BA 


15 45 


Table 6.6: Bead allowance determined for a curved plane of the component graph shown 
F.g 6.3(a). 


in 
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angle 9 of the bend plane The points of the subsequent planes are then translated by 
an amount equal to the bend allowance {BA) multiplied by the direction cosines in the 
direction of development, such that the points of a planar adjacent to the bend plane under 
consideration lie in the reference plane. The process is repeated till all the points of the 
component are located in the reference plane, i e., 3— D component is mapped into a 2— D 
flat plane. 

The process of flattening of a component (Fig 6 21(a)) is shown in (Fig. 6 21(b)) for 
its mean axis Let fpi be the reference plane, and po(xo, Po> z o) represent the first point 
through which, an arbitrary axis passes in space. Let 9 be the included angle of the bend 
plane ( bpi ) which has to be rotated for flattening the component, and the direction cosines 
are represented by c x , c y , c z 

Algorithm 

Step 1. The bend plane (bpi) under consideration, and the subsequent planes (/p 2 , 
bp 2 , fp 3 ) are rotated by 6 about an arbitrary axis in the downward direction with 
respect to the reference plane (fpi), since the bend plane is in the upward direction. 
Rotation about an arbitrary axis by an angle 9 is accomplished using the following 
procedure 

Step 1(a). Translate the system such that the point p 0 (xo,yo, z 0 ) is at the 
origin of the system. 

Step 1(b). Perform appropriate rotations to make the axis of rotation coinci- 
dent with the Z axis (Choice of Z axis is arbitrary). 

Step 1(c). Rotate about Z axis by the included 
angel 9. 

Step 1(d). Perform the inverse of combined rotation transformation. 

Step 1(e). Perform the inverse of translation. 

The complete transformation matrix {[M] Po ) of points located in the subsequent 
planes {fpi, bp 2 , and fp 3 in Fig. 6.21(b)) about an arbitrary axis (Roger and Adams, 
1990) in space is given by 


= cn [Hr] [Httrt.pvr’ pt 1 (6-34) 


In Fig. 6 21(b), the rotated points pi, P 2 , p 3 , and p\ are shown as p[, p 2 , p 3 , and p\. 
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Step 2. Points other than those lying on the reference plane and arbitrary axis 
are translated by the matrix of bend allowance Mb a, such that the points lying on 
the adjacent plane (/p 2 ) is in the reference plane and they are m the direction of 
development. The Mba matrix is 


M B a 


1 0 0 0 ■ 

0 1 0 0 

0 0 10 

x 0 — %i + BA * c x t/o — Vi + BA * c y z 0 — z\ + BA * c z 1 _ 


(6 35) 


where the directional cosine ( c x , c yi c z ) is given by : 


r ] (zi - z 0 )(yi - ?/o)(zi - Zq) 

C * Cy Cz ~ [(*1 - ^o ) 2 + (vi - Vo) 2 + (*i - zo ) 2 ] 1/2 
and the direction of flat pattern development is determined as given below : 


(6 36) ' 


Step 2(a). Determine a normal vector NV re f at the point p 0 for the reference 
plane (fpi). 

Step 2(b). Find a development vector Vdev, which is normal to the normal 
vector NV re f and the arbitrary axis vector V ar t,. Development vector Vdev at po 
is determined by the cross product of the above two vectors, i.e., 

V dev = V arb X NVref. (6.37) 


Step 2(c). Determine a vector V Pl passing through the point pi. 

Step 2(d). The dot product of the vectors V dev and V Pl is determined. If the 
value of the dot product is positive, then the V dev is in the direction of flat 
pattern development of the component, else the direction of development is in 
the opposite direction of the vector V dev . 

In Fig. 6.21(b), points p ", p' 2 ', p' 3 ' and p'[ represent the translated points using 
the bend allowance matrix (Mba) for the points p{, p' 2 , p 3 and p' 4 respectively. 


Step 3. Find another point for which the flattening process of planes is required. 

If there is a bend plane, then select a point in the bend plane as the reference point 
through which the arbitrary axis passes, and continue the process of flat pattern develop- 
ment. If there is no bend plane, i.e., all the planes of the component are located in the 
reference plane, then the flat pattern development process of the component comes to an 
end. 
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v 7 ?u v 8 e 12 v 14 e ig v £1 e £? v £2 



Figure 6.22. Flat pattern development of the 3-D component shown in Fig 6 3 

Fig 6.21(b) gives the entire flat pattern development process by taking thinning effect 
into consideration The length of the flat pattern gives the length of the raw material 
required for the component. 

Using the flat pattern development methodology, the flat pattern of the component 
shown in Fig. 6.3(a) is given in Fig. 6 22 Vertices and edges associated with the flat 
pattern with respect to Fig. 6.3(b) are also given in Fig. 6.22. It should be noted that the 
edge eq is from vertex v 5 to vg in the child subgraph gi This flat pattern of 3-D component 
is further used to recognize shearing features present in a component and/or component 
layout. 


6.9 Recognition of shearing features 

As stated earlier shearing operations are those, in which the work material is stressed 
beyond its elastic limit, cross sectional area is reduced, and fractured through the cross 
sectional area, when the ultimate strength is exceeded. The form features produced on the 
material are of 2-D. Recognition of shearing features m a nested layout has been discussed 
in the Chapter 5. As stated earlier, shearing features are classified into three categories 
viz., inside features, boundary features, and outside features Inside features of a 3 D 
component can be recognized from the individual component, if the created component 
from wireframe model is in accordance with Euler’s formula Boundary and outside features 
are recognized from the optimized component layout created from the flat pattern of a 3 D 

component. 
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In the following section, procedural details for the creation of 2 D component using the 
flat pattern of 3-D component are given, such that the vertices and edges present in the 
developed 2— D component layout are in accordance with Euler’s formula 

6.9.1 Creation of the 2-D component from the flat pattern of 
a 3— D component 

The flat pattern developed will have common edges, and may have coincident edges. Co- 
incident edges are those edges, wherein an edge coincides with another edge or forms a 
part of an another edge. In Fig. 6.3, e 7 and ei3 falls on the edge e 5 when a louvering 
feature is developed (Fig 6.22). To recognize shearing features in the flat pattern devel- 
oped, common edges and coincident edges have to be removed from the flat pattern of the 
component The methodology followed for the creation of 2-D component boundary and 
internal features is discussed below . 

Creation of boundary feature of a component 

The parent subgraph of a 3-D component represents the boundary of the component. 
Therefore, flat pattern representing the parent subgraph is processed for creating the 
boundary of a component in 2-D. The boundary of the component in 2-D is obtained 
by deleting the common edges present in it. Identification of common edges is given in 
Section 6.3.1. Once the common edges are deleted, the adjacent edges incident on the 
start and end vertices of the common edges and which are adjacent to each other meet at a 
vertex. These edges violate the definition of a vertex when the edges are collinear. There- 
fore, these edges are replaced by a single new edge. Thus, a 2-D component boundary is 
created 

Fig. 6.22 gives the flat pattern of the component shown in Fig. 6.3(a), along with the 
vertices and edges labelled. In this flat pattern developed, g\ represents the flat pattern 
of the parent subgraph of the component shown in Fig. 6.3(a). In Fig. 6.23, the 2-D 
boundary of the component created after deleting the common edges (e 3 , en and e 2 i), and 
replacing the adjacent edges (ex, e 4 , e 18 and e 2 o) of deleted common edges by a new edge 
nex is shown. Old edges are replaced by nex, since they meet at vertices v 2 , U13, and U15 
which violate the definition of a vertex as the edges are collinear. For the same reasons, 
adjacent edges (en, ex 2 , ex 9 and e 27 ) of the deleted common edges are replaced by a new 
single edge ne 2 . 

It should be noted that if cross bend feature is present in a parent or child subgraphs 
of a component, then after removing the common edges from the subgraph, the cross bend 
feature represents an internal feature in the component. 
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v 7 


ne 2 


v 22 



e 22 


16 


Figure 6 23. Creation of boundary and inside features from the flat pattern development given 
in Fig 6 22 

Creation of inside features of a component 

The child subgraphs of a component represent the inside features since they are located 
inside parent subgraphs. Also, as explained in the the previous section, cross-bend features 
transform into inside features Child subgraphs having only one loop represent an inside 
feature with number of edges and vertices same as that of subgraph. On the other hand, 
if it has more than one loop, then it may represent single inside feature or more As in the 
case of boundary feature development of a component from the parent subgraph, in child 
subgraphs development also, the edges adjacent to the deleted common edges meet at a 
vertex such that they violate the definition of a vertex. Therefore, these edges are replaced 
by a single new edge, if they are collmear. 

In Fig 6.22 consider the flat pattern development of g 2 child subgraph. In g 2 child 
subgraph (Fig. 6.7(a)), there is more than one loop, hence the flat pattern has been de- 
veloped. In this flat pattern also there are common edges. These common edges (e6 and 
exs) are deleted from the flat pattern. Collinear edges e7 and ei3 meet at t>io, and hence it 
violates the definition of a vertex. Therefore, tiio is deleted and in turn edges e7 and ei3 
are replaced by a new edge ne 3. Similarly edges eio and are adjacent to the deleted 
common edge eis, and is collinear. Hence, they are replaced by another new edge ne4. 

In Fig 6.22, edge es is incident on 113, and new edge ne3 is a part of it Therefore, 
es and ne 3 are coincident edges, since the edge es is passing through the vertex vq and is 
incident on the vertex v 4 and edge ne^ has start and vertices as V 3 and vq. Therefore, edge 
e 5 is deleted from the graph, and is replaced by a new edge (ne 5 ), such that v 4 and u 9 
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are its start and end vertices Similarly, eg is deleted and a new edge ne6 is replaced such 
that, ve and Un are its start and end vertices. Thus, Fig. 6.23 shows the creation of inside 
feature from the flat pattern (Fig 6 22) of child subgraph g%. The vertices and edges of g 2 
m Fig 6 23 adhere to Euler’s formula In case of g 3 child subgraph, there is only one loop, 
and hence common edges are absent. Therefore, the created inside feature g 3 (Fig 6.23) 
is similar to that of the flat pattern of g 3 shown m Fig. 6 22 

6.9.2 Recognition of inside features of a 3-D component from 
its flat pattern 

If a child subgraph has only one loop, then the loop represents a piercing feature (recog- 
nition of piercing feature is discussed in Chapter 5). On the other hand, if it has more 
than one loop, then the subgraph may have both piercing and lancing features or only 
a lancmg feature If the child subgraph is represented by more than three edges while 
creating the inside feature for a component, then it represents that the child subgraph has 
both lancmg and piercing feature. On the other hand, if there are only three edges, then 
the child subgraph has only a lancing feature. Piercing and lancing features are recognized 
as explained in the section on recognition of inside shearing features in Chapter 5. 

In Fig 6 23, the child subgraph (g 2 ) has five edges, and hence this has both lancing 
and piercing features. Loops in the created subgraph are identified after deleting edges 
(ne 3 and ne A ) which are incident on the vertices (t> 3 and u 5 ) of degree one. Afterwards, 
in accordance with the recognition of inside shearing features of a component, it has been 
recognized that vertices (ug, u 4 , u u and v 6 ) and edges (nes, eu, and nee) form a loop of 
vertices and edges of piercing feature, and vertices (u 3 , v 9 , vn and v$) and edges (ne 3 , e i4 
and ne 4 ) form a loop of vertices and edges of lancing feature. 

6.9.3 Recognition of boundary and outside features of a 3-D 
component from its flat pattern 

Component nested layout is used for recognizing boundary and outside features. Component 
nested layout is created with the help of the 2-D component created from the flat pattern 
developed for a 3-D component (ie., output of Section 6 8.1). With the output of vertices 
and edges of Section 6.8.1, a wireframe model representing the 2-D component is created 
in the CAD database (in the present work, DXF input file for AuotoCAD Release- 10 is 
created, and is used to create the 2-D component). Using this wireframe model, nested 
component layout is manually created by the designer. As explained in Chapter 5, the 
output file of CAD database is used to recognize boundary and outside shearing features. 



Chapter 7 


Prototype System and Implementation 

7.1 Introduction 

In order to provide the demonstration of the concepts used m the present work, a prototype 
system is developed and is described below • 

The system is coded in the C language and it is implemented on both PC/AT and HP 
9000/850. Various major functions of the prototype system are shown in Fig. 7.1. The over 
all control of the system is given in the flowchart shown m Fig. 7.2. Input used to the system 
is Drawing interchange (DXF) output file of AutoCAD (Release-10). DXF is an ASCII file 
and the various sections present in the DXF are given in Table 7.1. Representation for an 
entity (line) in the DXF is given in Table 7.2. 

The preprocessor of the system processes the component /part layout data created in 
wireframe geometric modeler, and the data relevant to the entities are extracted. If the 
data consists of working or entity coordinate system (ECS), then it is converted into world 
coordinate system (WCS). These data are used for identifying the nature of an input (i e 
2-D or 3-D component) system to recognize pressworking features and for flat pattern 
development. 

The CAD database of the AutoCAD gives the extrusion direction of the entity arc and 
circle, when they are drawn in other than XY plane. This helps in reducing the space for 
representing the entities in CAD database, and with the help of 3-D vector describing the 
Z axis of ECS, the information about the entity m 3-D space can be obtained. This is due 
to the fact that, along the Z axis direction, there can be only one ECS, since the properties 
are associated with it. 

1. The origin coincides with the WCS origin. 

2, The orientation of X and Y axes with the XY plane are calculated m an arbitrary, 
but in a consistent manner. 
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0 (Begin HEADER section) 

SECTION 

2 

HEADER 

[Header variable items go here] 

0 

ENDSEC (End HEADER section) 

0 (Begin TABLE section) 

SECTION 

2 

TABLES 

0 

TABLE 

2 

VPORT 

7° 

(Viewport table maximum item count) 

[Viewport table items come here] 

0 

ENDTAB 

0 

TABLE 

2 

LTYPE, LAYER, STYLE, VIEW, UCS, DWGMGR 
70 

(Table maximum item count) 

[Table items come here] 

0 

ENDTAB 

0 

ENDSEC (End TABLE section) 

0 (Begin BLOCKS section) 

SECTION 

2 

BLOCKS 

0 

BLOCK 

[Block definition entities come here] 

0 

ENDSEC (End BLOCKS section) 

0 (Begin ENTITIES section) 

SECTION 

2 

ENTITIES 

[Drawing entities come here] 

0 

ENDSEC (End of ENTITIES section) 

0 

EOF 


Table 7.1: DXF output file format representing the various sections present in the file. 
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r AD 

rlotnhaso 



Output of 
the system 


Figure 7 1- Various Functions of the prototype system. 


0 Begin of entity 

LINE Entity name 

8 Layer 

0 Layer number 

10 Start x 

0 0 x coordinate value 

20 Start y 

0.0 y coordinate value 

30 Start z 

20 0 z coordinate value 

11 End x 

10 0 x coordinate value 

21 End y 

20 0 y coordinate value 

31 End z 

50 0 z coordinate value 


Table 7.2: Explanation of an entity format given 


in DXF output file 






BE 



Figure 7.2: Flowchart representing the flow of control for the prototype system 
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Figure 7.2: Flowchart representing the flow of control for the prototype system (continued). 
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The algorithm called arbitrary axis algorithm (AutoCAD, Release-10, 1989) is used to 
convert the ECS of an entity to WCS. After the identification of the nature of the input 
to the system (1 e. 2— D or 3— D component) with the help of graph theory, the control is 
transferred to the appropriate recognition process. 

The various functions for the recognition of shearing features, and the data structure 
type used for recognizing them are given in Figs. 7 3 and 7.4, respectively. Similarly, 
various functions for recognizing the forming features, and the data structure type used 
for recognizing the same are given in Figs 7 5, and 7.6 respectively. 


7.2 Implementation 

In order to have a better understanding, and to demonstrate the overall effectiveness of the 
concepts developed in this research, real life components are considered and results/output 
(given at the end of this chapter) for a few tested comp onents/lay out are given below : 

Components of 2-D in nature 

Example— 1 : A 2-D Bezel part layout for similar components (Fig. 7.7(a)) used for 
manufacturing of a watch cases at HMT Watch Factory, (India), is given (number of 
components at present considered in the layout are only five, but in the factory depending 
upon the size usually ten to twelve components are nested in a strip type of raw material). 
The plan view of the layout is represented in the wireframe model. The list of vertices and 
entities after lexicographical ordering are given in the Table 7 3 and Table 7.4 respectively. 
Also in the Example-1 list, the output of the system is given. To understand the output, 
a brief representation of vertices, edges, MER for components, features and a few shearing 
feature types are given in Fig 7 7(b). 

Example-2 : Another 2-D part layout for dissimilar components used in the manu- 
facturing of Vertical Machining Center-345 (VMC-345) at The Mysore Kirloskar Limited, 
Harihar (India) is shown in the Fig. 7.8(a). The list of vertices and edges after lexicograph- 
ical ordering is given in the Table 7 5 and Table 7 6 respectively The output of the system 
is given in Example-2, and for easy understanding, vertices and features are represented 
in Fig. 7 8(b). 

Components of 3-D in nature 

Example— 3 : A simple 3-D component’s mean plane (Fig. 7. 9(a)) to demonstrate 
the extraction of cross bend feature, flat pattern development, identification of bending, 
curling and hemming features is given. Various plane numbers of the component is given 
in Fig 7.9(b) for easy reference. The flat pattern developed for this simple 3-D component 
is given in Fig. 7.10. The list of vertices and the list of edges present in the CAD database 



Part 

layout 

data 
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TO PROCESS PLANNING 
OR TO OTHER APPLICATIONS 


Figure 7.3- Various functions of shearing feature recognition system 










Vertex (vert_) Entity (e_) 


Feature (f_) 


No 

x y z r bl 




e__no 

vert_start 

vert__end 


i 

l 

i 

I 


1 


f-.no 

e_no„stort 

e_no_end 

— . 

1 

1 



1 

l 


.1 t) 


Raw_mat__set (raw_) Boun_feat_set (boun_) lns_feat__set (ms_) 


raw_no 

f_no 


i 

I 


boun_.no 

f_no 


t 

1 


ms_no 

£ 


1 

1 


Component (comp_) 


kF- 


comp__.no 

boun_.no 

ms_no 


1 

i 

i 

I 


L J 


ACDR_dir 


MER 


bc_.no 

adjc_.no 

adjc_dir 

i 

1 

— i , — 

i 

! 1 

i — 



comp_.no 

vert_no 

i 

I 

L. 

— 


- J 1 L_ 

! I ’ 


piercing (pf_) 


■“i r* 

i — i 


i 


p_no 

comp_.no 

ms_.no 


i 

i 



lancing (if_) blanking (bf_) 

Lno comp^no ms_.no b_no comp^no bo 


O’ 

1 

Z5 

o 

comp_.no 

boun_no 


1 

1 



notching (notf_) 


"i r * 
i , i 




not_.no 

comp_no 

vert_hst 


i 

l 

1 



cutoff ( c utf ) 


cut_.no 

bc_no 

adjc_no 

vert list 


l 

1 

1 

1 



parting (parf_) 


slitting ( s i f — . ) shearing (shf_ 


par_.no 

bc_.no 

adjc_.no 

vert list 


! 

! 

1 

1 

1 



sl_no 

bc_no 

vert_hst 


1 

| 1 



sh_no 

bc_no 

vert_list 


i 

l 



Figure 7.4; Operation based data structure for recognizing shearing features. 
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Port 

data 



Figure 7.5: Various functions of forming feature recognition system 
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Vertex <V_) Entity (e_) Graph (g_) Pr subg (gp_) 



Ch subg fgc_) Loop in gp (igp_) Loop in gc (lgc_) 



bending (bef_) curling (cuf_) 



flanging hemming (heL.) joggling (joL) 



contour roll (cof_) louvermg (loL.) 



piercing (pif_) notching (nafL) lancing (icL.) 



Figure 7.6; Operation based data structure for recognizing forming features. 
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after removing duplicate vertices and lexicographical ordering are given in Table 7 7 and 
Table 7 8 respectively The output of the system is given in Example-3 

Example-4 : A part used m the box of sun microphone of a modified complex Sun 
Microsystems Computer Corporation Inc for keeping the microphone is shown m Fig. 
7 11(a), and various planes present in it given in Fig 7 11(b) for easy reference The flat 
pattern developed for this complex object is given in Fig 7 12 The lexicographically or- 
dered list of vertices and the list of edges are given in Table 7 9, and Table 7 10 respectively. 
The output of the system for this component is given m Example-4. 



Example- 1 



figure 7.7: Bezel layout of a watch manufactured at HMT (India) (a) Drawing .of the = bezel 
lested layout given as input to the system, and (b) Bezel layout g,vmg a part of information 

ibout the output for easy reference 





Vert No 

X 

y 

rad /bul 

start ang 

end ang 

i 

! 30 0000 

205 0000 

- 

- 

- 

2 

275 0000 

205 0000 

- 

- 

- 

3 

40 0004 

220 4997 

- 

- 

- 

4 

75 0002 

220 5001 

30 0000 

234 3150 

305 6850 

5 

87 5004 

220 4997 

- 

- 

- 

6 

122 5002 

220 5001 

30 0000 

234 3150 

305 6850 

7 

135 0004 

220 4997 

- 

- 

- 

8 

170 0002 

220 5001 

30 0000 

234 3150 

305 6850 

9 

182 5004 

220 4997 

- 

- 

- 

10 

217 5002 

220 5001 

30 0000 

234 3150 

305 6850 

11 

230 0004 

220 4997 

- 

- 

- 

12 

265 0002 

220 5001 

30 0000 

234.3150 

305.6850 

13 

57 5000 

228,0000 

7 0000 

- 

- 

14 

105 0000 

228 0000 

7 0000 

- 

— 

15 

152 5000 

228 0000 

7 0000 

- 

- 

16 

200 0000 

228 0000 

7 0000 

- 

- 

17 

247 5000 

228 0000 

7 0000 

- 

- 

18 

40 0000 

235 5000 

30 0000 

54 3150 

125 6850 

19 

75 0000 

235 5000 

- 

- 

— 

20 

87 5000 

235 5000 

30 0000 

54 3150 

125 6850 

21 

122 5000 

235 5000 

- 

- 

— 

22 

135 0000 

235 5000 

30 0000 

54.3150 

125 6850 

23 

170 0000 

235 5000 

- 

— 


24 

182 5000 

235 5000 

30 0000 

54 3150 

125.6850 

25 

217.5000 

235 5000 

- 

- 

— 

26 

230 0000 

235.5000 

30.0000 

54 3150 

125,6850 

27 

265.0000 

235 5000 

- 

— 

— 

28 

30 0000 

251 0000 

— 

_ 


29 

275 0000 

251 0000 

- 

- 

- 


Table 7.3 ; List of vertices after lexicographical ordering. 
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part 

: Bezel layout of a watch manufactured at HMT 

material 

: Aluminum 

units 

: mm 

thickness 

s 6 00 

Component/ 

layout type 

: 2-D 

No. of features 

: 11 


Vertices present in various features : 


Feature No 

Vertex No and its degree 

1 

1 (2) 2 (2) 28 (2) 29 (2) 

2 

3 (2) 4 (2) 18 (2) 19 (2) 

3 

5 (2) 6 (2) 20 (2) 21 (2) 

4 

7 (2) 8 (2) 22 (2) 23 (2) 

5 

9 (2) 10 (2) 24 (2) 25 (2) 

6 

11 (2) 12 (2) 26 (2) 27 (2) 

7 

13 (0) 

8 

14 (0) 

9 

15 (0) 

10 

16 (0) 

11 

17 (0) 


{2,3,4,5,61 
{7,8,9, 10,11} 

{1,2,3,4,5} 

c\ = l,ci = {7}, c 2 = 2;c 2 = { 8 }, C 3 = 3,ca = {9}, 
c 4 = 4 ,c 4 = {10}, c 5 = 5;c 5 = {11}, 


Pseudo vertices : 
Vert No z 

y 

4’ 

57 500 

214 867 

18’ 

57 500 

241 133 

6’ 

105 000 

214 867 

20’ 

105 000 

241 133 

8’ 

152 500 

214 867 

22’ 

152 500 

241 133 

10’ 

200 000 

214.867 

24’ 

200 000 

241 133 

12’ 

247.500 

214 867 

26’ 

247 500 

241 133 


Raw material feature set (R) 
Boundary feature set (B) 
Inside feature set (N) 
Component set (C) 

Inside features of a comp. 
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MER of components : 


Comp 

No Lower left 

vertex 

Upper right vertex 


X 

y 

X 

y 

1 

40 000 

214 867 

75 000 

241 133 

2 

87 500 

214 867 

122 500 

241 133 

3 

135 000 

214 867 

170 000 

241 133 

4 

182 500 

214 867 

217 500 

241 133 

5 

230 000 

214 867 

265 000 

241 133 


ACDR Table : 


Cj 

1 

2 

3 

4 

5 

1 

- 

1 1 




2 

1 3 

- 

1 1 



3 


1 3 

- 

1 1 


4 



1 3 

- 

1 1 

5 




1 3 



Raw material : 
type 

direction 
feature No. 
size 

position 


strip 
X axis 
1 

245 000 46 000 

30 000 205 000 275 000 251 000 


Component No. : 1 

Inside Features 


piercing 
feature No. 
position 


1 

7 

57,500 228 000 7 000 


Boundary Features 


blanking 
shape 
feature no 
position 


outline boundary of the component 
2 

40 000 220 500 

40 000 235 000 30 000 54 315 125 685 

75 000 220.500 

40 000 220 500 30.000 234 315 305 685 


notching 

position 


1 

57.500 
40.000 
40 000 


214 867 
220 500 
214 867 


30 000 


234.315 


270 000 



214 


notching : 2 


position 

40 000 
57 500 
40 000 

235 500 
241 133 
241 133 

30 000 

90 000 

125 685 

notching 

position 

: 3 

57 500 
75 000 
75 000 

241 133 
235 500 
241 133 

30 000 

54 315 

90 000 

notching 

position 

: 4 

75 000 
57 500 
75 000 

220 500 
214 867 
214 867 

30 000 

270 000 

305 685 

blanking with 

position 

notching : 
40 000 
40 000 
75 000 
75 000 

220 500 
235 500 
235 500 
220 500 

30 000 

30 000 

54 315 

234 315 

125 685 

305 685 


Note : Piercing, blanking, notching, and blanking with notching 

are not given for other components, since the output is of similar type. 


parting 

position 


parting 

position 


parting 

position 


1 

75 000 205 000 
75 000 251 000 
87 500 251 000 
87 500 205 000 

2 

122 500 205 000 
122 500 251.000 
135.000 251.000 
135 000 205.000 

3 

170 000 205 000 
170 000 251 000 
182 500 251 000 
182 500 205 000 


parting : 4 

position 217 500 205 000 

217 500 251 000 
230.000 251 000 
230 000 205 000 
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shearing 

direction 

range 

position 

shearing 

direction 

range 

position 

shearing 

direction 

range 

position 

shearing 

direction 

range 

position 

shearing 

direction 

range 

position 

shearing 

direction 

range 

position 

shearing 

direction 

range 

position 

shearing 

direction 

range 

position 


Outside Features 


1 

Y axis 
10 000 

30 000 205 000 
30 000 251 000 

2 

Y axis 
12 500 

75 000 205 000 
75 000 251 000 

3 

Y axis 
12.500 

122 500 205 000 
122 500 251 000 

4 

Y axis 
12 500 

170 000 205 000 

170.000 251.000 

5 

Y axis 
12.500 

217 500 205.000 
217 500 251.000 

6 

Y axis 
10 000 

265.000 205 000 
265 000 251 000 

7 

X axis 
9.867 

30.000 205.000 

275.000 205.000 

8 

X axis 
9 867 

30.000 241 133 
275 000 241.133 


40 000 205 000 
40 000 251 000 


87 500 205 000 
87 500 251 000 


135 000 205 000 
135 000 251 000 


182 500 205 000 
182 500 251 000 


230 000 205.000 
230 000 251 000 


275.000 205 000 
275 000 251 000 


30 000 214 867 
275 000 214 867 


30 000 251 000 
275 000 251 000 




(b) 


e 7.8: Dissimilar components used in t 
iyout given as input to the system, and 
nation about the output for easy referei 




Vert No 

X 

y 

i 

30 0000 

195 0000 

2 

185 0000 

195 0000 

3 

40 0000 

205 0000 

4 

65 0000 

205 0000 

5 

100 0000 

205 0000 

6 

125 0000 

205 0000 

7 

135 0000 

210 0000 

8 

175 0000 

210 0000 

9 

46 0000 

211 0000 

10 

119 0000 

211 0000 

11 

142 5000 

217 5000 

12 

167 5000 

217 5000 

13 

65 0000 

225 0000 

14 

100 0000 

225 0000 

15 

142 5000 

237 5000 

16 

167 5000 

237 5000 

17 

46 0000 

239 0000 

18 

82 5000 

239 0000 

19 

119 0000 

239 0000 

20 

40 0000 

245 0000 

21 

125 0000 j 

245 0000 

22 

135 0000 

245.0000 

23 

175 0000 

245.0000 

24 

40.0000 

255 0000 

25 

80 0000 

255 0000 

26 

100.0000 

260 9999 

27 

135 0000 

260.9999 

28 

47 5000 

262.5000 

29 

72.5000 

262 5000 

30 

120 0000 

265 0002 

31 

155.0000 

265.0002 

32 

60 0000 

272.5000 

33 

143 5000 

272 5000 

34 

95 0000 

280 0000 

35 

130 0000 

280,0000 

36 

47 5000 

282,5000 

37 

72 5000 

282.5000 

38 

40 0000 

290.0000 

39 

80.0000 

290.0000 

40 

95.0000 

290.0000 

41 

115 0000 

290 0000 

42 

130.0000 

290 0000 

43 

150 0000 

290 0000 

44 

30 0000 

300 0000 

45 

185.0000 

300 0000 





start ang 


10 5119 205.3462 357 2737 
10.5119 205 3462 357.2737 


Table 7.5: List of vertices after lexicographical ordering. 
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part 

: Various components used in VMC-345 

material 

: 1010 steel 

units 

: mm 

thickness 

: 2 00 

Component/ 

layout type 

: 2-D 

No. of features 

: 21 


Vertices present in various features : 


Feature No 

Vertices Nos & their degree 

i 

{ (2) 2~(2) 44 (2) 45 (2) 

2 

3(2) 4(2) 5(2) 6(2) 13(2) 


14 (2) 20 (2) 21 (2) 

3 

7 (2) 8 (2) 22 (2) 23 (2) 

4 

9(0) 

5 

10 (0) 

6 

11(0) 

7 

12 (0) 

8 

15 (0) 

9 

16 (0) 

10 

17 (0) 

11 

18 (0) 

12 

19 (0) 

13 

24 (2) 25 (2) 38 (2) 39 (2) 

14 

26 (2) 30 (2) 34 (2) 40 (2) 41 (2) 

15 

27 (2) 31 (2) 35 (2) 42 (2) 43 (2) 

16 

28 (0) 

17 

29 (0) 

18 

32 (0) 

19 

33 (0) 

20 

36 (0) 

21 

37 (0) 


Raw material feature set (Jt) 
Boundary feature set (B) 
Inside feature set ( N ) 
Component set ( C ) 

Inside features of a comp. 


{i} 

{2,3, 13,14, 15} 

{4, ,12, 16, ...21} 

{1,2, 3,4,5} 

ci = 1; Cl = {4, 5, 10, 11, 12}, c 2 = 2; c 2 = {6, 7, 8, 9}, 

c 3 = 3; c 3 - {16, 17, 18, 20, 21}, c 4 = 4; c 4 =, c 5 = 5; c 5 = {19}, 


Pseudo vertices : 

Vert No x y 

30’ 109 500 255 000 

31’ 144.500 255.000 




MER of components : 


Comp 

No Lower left 

vertex 

Upper right vertex 


X 

y 

X 

y 

1 

40 000 

205 000 

125 000 

245 000 

2 

135 500 

210 000 

175 000 

245 000 

3 

40 000 

255 000 

80 000 

290 000 

4 

95 000 

255 000 

120 000 

290 000 

5 

130 000 

255 000 

155 000 

290 000 


ACDR Table : 


C 3 ' 

C 1 

] 


2 

co 

4 

5 

1 

- 

1 5 

1 2 

1 6 


2 

1 

^7 

- 



1 5 

3 

1 

4 


- 

1 1 


4 

1 

7 


1 3 


1 1 

5 


~i 7 ' 


1 3 

- 


Raw material 
type . 

feature No. . 
size • 
position • 


sheet 

1 

155.000 105.000 
30 000 195.000 


185 000 300 000 


Component No. : 


piercing 
feature No. 
position 

piercing 
feature No. 
position 

piercing 
feature No. 
position 

piercing 
feature No 
position 

piercing 
feature No. 
position 


: 1 
• 4 

: 46.000 

: 2 
: 5 

: 119.000 

: 3 

: 10 
: 46 000 

: 4 

. 11 
. 82.000 

: 5 

: 12 
: 119.000 


1 

Inside Features 

211.000 3 000 

211 000 3 000 

239.000 3.000 

239.000 3 000 

239 000 3 000 
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Boundary Features 


blanking 

shape 
feature no 
position 


outline boundary of the component 
2 

40 000 205 000 
40 000 245 000 
125 000 245 500 
125 000 245 500 


notching : 1 

position 65 000 205 000 

65 000 225 000 

100 000 225 000 
100 000 205 000 


blanking with notching : 
position 40 000 205 000 

40 000 245 000 

125 000 245 000 

125 000 205 000 

100 000 205 000 

100 000 225 000 

65 000 225 000 

65 000 205 000 


Note : Piercing, blanking, notching, and blanking with notching are not given for other components, 
the output list is very large 


Outside Features 


shearing 

direction 

range 

position 

: 1 

Y axis 

10 000 

30 000 195.000 
30.000 300 000 

40 000 
40.000 

195.000 

300.000 

shearing 

direction 

range 

position 

: 2 

• Y axis 

• 5 000 

125 000 195 000 
125 000 300.000 

130.000 
130 000 

195 000 
300.000 

shearing 

direction 

range 

position 

: 3 

Y axis 
: 10 000 
: 175.000 195.000 

175.000 300 000 

185.000 195.000 

185 000 300.000 


since 







Figure 7.10: Flat pattern development of the 3-D component shown in Fig. 7.9. 




X 


z 


Vert No. 
1 
2 

3 

4 

5 

6 

7 

8 

9 

10 
11 
12 

13 

14 

15 

16 

17 

18 

19 

20 
21 
22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 


201 7701 
351 7701 
201 7701 
351 7701 

239.7701 

201.7701 
351 7701 
231 1098 
248 4303 
307 2701 
231.1098 
248 4303 
239 7701 
221 7701 

256.7701 
286 7701 

321.7701 

201.7701 

221.7701 

256.7701 

286.7701 
321 7701 

351.7701 

201.7701 

221.7701 

256.7701 

286.7701 

321.7701 

351.7701 
221 7701 

256.7701 

286.7701 
321 7701 

296.7701 

311.7701 

241.7701 
289.2701 
319 2701 

296.7701 

311.7701 

201.7701 

351.7701 

201.7701 

351.7701 


y 

108 7299 ■ 
108 7299 ■ 
113 7299 ■ 
113 7299 
108 7299 
113 7299 
113 7299 
108 7299 
108 7299 
108 7299 

108.7299 
108 7299 
108 7299 
108 7299 

108.7299 

108.7299 
108 7299 
108 7299 

108.7299 
108 7299 

108.7299 
108 7299 
108 7299 

123.7299 

123.7299 

123.7299 

123.7299 
123 7299 

123.7299 

148.7299 

148.7299 

148.7299 

148.7299 
152.7492 
152.7492 

163.7299 
165.7395 
165.7395 

178.7299 
178 7299 

183.7299 

183.7299 
176.6589 
176.6588 


32 2200 
32 2200 
32 2200 
32 2200 
26 2200 
22 2200 
22.2200 
21 2200 
-21 2200 
-12 2200 
-11 2200 
-11 2200 
-6 2200 
2 7800 
2 7800 
2 7800 
2 7800 
27 7800 
27.7802 
27 7800 
27 7802 
27 7800 
27 7800 

42.7800 
42 7800 
42 7800 
42 7800 
42 7800 
42 7800 
42 7800 
42 7800 

42.7800 
42 7800 
42 7800 
42 7800 
42 7800 
42 7800 
42 7800 | 
42 7800 
42 7800 

42.7800 
42 7800 
59 8510 
59 8511 


rag /bui | start ang end ang 


8 0000 


15 0000 
15 0000 
15 0000 
15 0000 
15 0000 
15 0000 


0 0000 
0 0000 
0 0000 
0 0000 
0 0000 
0 0000 


90 0000 
90 0000 
90 0000 
90 0000 
90 0000 
90 0000 


filililil 


H 

mm 


45 0000 
45 0000 


270 0000 
270 0000 
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part : 

material : 

units : 

thickness : 

Component/ 
layout type : 

No. of subgraphs : 


Simple 3-D component 
steel 
mm 
2 00 


3-D 

5 


Vertices present in various subgraphs : 


Graph No 


Vertices Nos 

fo their degree 


i 

1(3) 

2(3) 

3 (3) 

4(3) 

6(2) 

7(2) 


14 (2) 

15(2) 

16 (2) 

17 (2) 

18 (3) 

19 (3) 


20 (3) 

21 (3) 

22 (3) 

23 (3) 

24 (3) 

25 (3) 


26 (3) 

27 (3) 

28 (3) 

29 (3) 

30 (2) 

31 (2) 


32 (2) 

33 (2) 

41 (3) 

42 (3) 

43 (2) 

44 (2) 

2 

5(2) 

8(2) 

9(2) 

11 (2) 

12 (2) 

13 (2) 

3 

10(0) 






4 

34 (2) 

35 (2) 

37 (2) 

38 (2) 

39 (2) 

40 (2) 

5 

36 (0) 








Parent subgraph ( G p ) 


{i} 

Number of planes in G p 

; 

6 

Child subgraph (G c ) 

: 

{2, 3, 4, 5} 



Parent subgraph 

Planes and edges present : 



Plane No 

Edge Nos present in a plane 

i 

12 4 6 

2 

1 3 5 17 18 19 


20 21 22 23 26 29 

3 

6 7 8 11 

4 

23 24 25 26 27 28 


29 30 31 32 35 38 

5 

32 33 34 35 36 37 


38 39 40 41 42 50 

6 

50 51 52 53 
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Curved planes ( bp\ ) : 


curved plane No. : 1 

plane No : 4 

curved plane No. : 2 

plane No : 6 


APR Table : 


h } pv 

h, P i 

1 

2 

3 

4 

5 

6 

I 1 

- 

1 

1 




2 

1 

- 


1 



3 

1 






4 


T~ 


- 

1 


5 




1 


T~ 

6 





1 

- 


Cross bend features ( cbf \ ) : 


cross bend feature No. : 1 


edges 

: 

17 

18 

19 

25 

27 

34 

36 

41 

cross bend feature No. 
edges 

: . 

2 

20 

21 

22 

28 

30 

37 

39 

42 


Ch j l d subgraghg 


child subgraph No. 

type 

present in the plane of G p 
edges present 


1 

2-D 

2 

9 10 12 13 15 16 


child subgraph No. 
type 

present in the plane of G p 
edges present 

child subgraph No. 

type 

present in the plane of G p 
edges present 

child subgraph No. 
type 

present m the plane of G p 
edges present 


2 

2-D 

2 

14 

3 

2-D 

5 

43 44 45 47 48 49 

4 

2-D 

5 

46 



Flat pattern development vertices list 


Vert No 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 
11 
12 

13 

14 

15 

16 

17 

18 

19 

20 
21 
22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 


X 

y 

z 

18.0000 

104 0000 

0 0000 

168 0000 

104 0000 

0 0000 

18 0000 

114 0000 

0 0000 

168 0000 

114 0000 

0 0000 

18 0000 

119 2624 

0 0000 

168 0000 

119 2624 

0.0000 

56 0000 

125 2624 

0 0000 

47 2603 

130 2624 

0.0000 

64 5809 

130 2624 

0 0000 

123 4206 

139 2624 

0 0000 

47 2603 

140 2624 

0.0000 

64 5809 

140 2624 

0 0000 

56 0000 

145 2624 

0 0000 

38 0000 

154 2624 

0 0000 

73 0000 

154 2624 

0.0000 

103 0000 

154 2624 

0 0000 

138 0000 

154 2624 

0 0000 

18 0000 

179 2624 

0 0000 

38 0000 

179 2626 

0 0000 

73 0000 

179 2624 

0 0000 

103 0000 

179.2626 

0 0000 

138 0000 

179 2624 

0 0000 

168 0000 

179 2624 

0 0000 

18 0000 

206 6247 

0 0000 

38 0000 

206 6246 

0 0000 

73 0000 

206 6247 

0 0000 

103 0000 

206 6246 

0 0000 

138 0000 

206 6246 

0 0000 

168 0000 

206.6247 

0 0000 

38 0000 

231 6246 

0 0000 

73 0000 

231 6246 

0 0000 


103.0000 
138 0000 
113 0000 
128 0000 
58 0000 
105.4206 
135 4206 
113 0000 
128 0000 
18 0000 
168 0000 
18 0000 
168 0000 


231 6246 

231.6246 
235 6246 
235 6246 
246 6246 
248 6246 
248 6246 

261.6246 
261 6246 
266 6246 
266 6246 
305 8846 

l 305 8846 


rad /bul | start ang 


0 0000 
0 0000 

0 0000 

0.0000 
0.0000 
0 0000 
0 0000 

0 0000 

0 0000 

0 0000 

0 0000 

0 0000 

0 0000 
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Flat pattern development : Figure 7 10 


Single plane features of the parent subgraph 


curvature bend : 1 

plane No 4 

curling : 1 

plane No 6 


Multi-plane features of the parent subgraph 

hemming 
plane Nos 


1 

1 2 3 


Shearing features 

Parent subgraph : 


piercing : 1 

cross bend 

feature No. 1 

piercing : 2 

cross bend 

feature No 2 


Child subgraph : 

piercing : 3 

subgraph No. . 2 

piercing : 4 

subgraph No * 3 

piercing : 5 

subgraph No 3 

piercing : 6 

subgraph No 4 

piercing : 7 

subgraph No 5 






•t No 

X 

y 

z 

1 

-101 3144 

101 3144 

^143 2802 

2 

-1 3144 

101 3144 

143 2802 

3 

78 6856 

101 3144 

143 2802 

4 

178 6856 

101 3144 

143 2802 

5 

-101.3144 

104 3144 

143 2802 

6 

-48 5106 

104 3144 

143 2802 

7 

-84 8192 

110 5644 

143 2802 

8 

-91 3144 

114 3144 

143 2802 

9 

-78 3240 

114 3144 

143 2802 

10 

-91.3144 

121 8144 

143 2802 

11 

-78 3240 

121 8144 

143 2802 

12 

-84 8192 

125 5644 

143 2802 

13 

-101 3144 

139 3144 

143 2802 

14 

-48.5106 

139 3144 

143 2802 

15 

-101.3144 

142 3144 

143 2802 

16 

-1 3144 

142.3144 

143 2802 

17 

78 6856 

142.3144 

143 2802 

18 

178.6856 

142 3144 

143.2802 

19 

-45.6128 

104 3144 

145 5037 

20 

-45.6128 

139 3144 

145 5037 

21 

127 5133 

101 3144 

146 7729 

22 

148.5106 

101 3144 

146 7729 

23 

35.6856 

106 8144 

148 2802 

24 

75.6856 

106 8144 

148.2802 

25 

35 6856 

136.8144 

148 2802 

26 

75 6856 

136 8144 

148.2802 

27 

-1.3144 

101.3144 

153.2802 

28 

78.6856 

101 3144 

153 2802 

29 

-1.3144 

142.3144 

153.2802 

30 

78.6856 

142 3144 

153 2802 

31 

127.5133 

101 3144 

159 8154 

32 

33 

148 5106 
-101.3144 

101.3144 
101 3144 

159 8154 
165.2802 


rad /bul start ang end ang 


3 0000 270 0000 345 0000 


3 0000 270 0000 345.0000 


Table 7.9: List of vertices after lexicographical ordering. 
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Vert No 

X 

y 

z 

rad /bul 

start ang 

end ang 

34 

-27 1612 

101 3144 

165 2802 

3 0000 

90 0000 

180 0000 

35 

178 6856 

101 3144 

165 2802 

3 0000 

90 0000 

180 0000 

36 

35 6856 

106 8144 

165 2802 

3 0000 

90 0000 

180 0000 

37 

75 6856 

106 8144 

165 2802 

3 0000 

90 0000 

180.0000 

38 

35 6856 

136 8144 

165 2802 

3 0000 

90.0000 

180 0000 

39 

75 6856 

136 8144 

165 2802 

3 0000 

90 0000 

180 0000 

40 

-101 3144 

142 3144 

165 2802 

- 

- 

- 

41 

-27 1612 

142 3144 

165 2802 

3 0000 

0.0000 

90 0000 

42 

178 6856 

142 3144 

165 2802 

3.0000 

90 0000 

180 0000 

43 

-27 1612 

104 3144 

168 2802 

3 0000 

228.0000 

270 0000 

44 

178 6856 

104 3144 

168 2802 

- 

- 

- 

45 

18 6856 

106 8144 

168 2802 

- 

- 

- 

46 

38 6856 

106 8144 

168 2802 

- 

- 

- 

47 

58 6856 

106 8144 

168 2802 

- 

- 

— 

48 

78 6856 

106 8144 

168.2802 

- 

- 

- 

49 

-11 3144 

109 3144 

168 2802 

2 5000 

90.0000 

270.0000 

50 

-1 3144 

109.3144 

168 2802 

2.5000 

270 0000 

90 0000 

: 51 

-11 3144 

114 3144 

168 2802 

- 

- 

— 

52 

-1 3144 

I 114 3144 

1 168.2802 

- 

— 

— 

53 

138 6856 

119 3144 

168 2802 

7 5000 

— 

- 

54 

-11 3144 

129 3144 

168 2802 

— 

— 


55 

-1 3144 

129 3144 

168.2802 

- 

— 

— 

56 

-11 3144 

134 3144 

168.2802 

- 

- 


57 

-1 3144 

134 3144 

168 2802 

- 

- 

— 

58 

18 6856 

136 8144 

168 2802 

— 

— 

— 

59 

38 6856 

136 8144 

168 2802 


— 

— 

60 

58 6856 

136.8144 

168.2802 

— 

— 

— 

61 

78 6856 

136.8144 

168.2802 

- 

— 


62 

-27.1612 

139.3144 

168 2802 

3.0000 

228.0000 

270.0000 

63 

178.6856 

139.3144 

168.2802 

- 

— 


64 

-29.1706 

104.3144 

169 0526 

3.0000 

228.0000 

270 0000 

65 

-29 1706 

139 3144 

169.0526 

- 

— 

— 

66 

-38 5989 

104 3144 

171.6798 

3 0000 

228.0000 

270.0000 

67 

-38.5989 

139 3144 

171 6798 

3.0000 

228.0000 

270.0000 

68 

-33 6917 

104.3144 

173.1309 

— 

— 

— 

69 

-33 6917 

139 3144 

173.1309 

- 

- 

- 


Table 7.9: List of vertices after lexicographical ordering (continued). 










part 

material 

units 

thickness 


Modified complex part of a microphone box 
Aluminum (assumed) 
mm 


1 00 


Component/ 

layout type : 3-D 


No. of subgraphs : 8 


Vertices present in various subgraphs : 


Graph No 

Vertex No and its degree | 

i 

1(2) 

2(2) 

3(2) 

4(2) 

5 

(2) 

6 

(3) 


13 (2) 

14(3) 

15 (2) 

16 (2) 

17 

(2) 

18 

(2) 


19 (3) 

20 (3) 

27 (2) 

28 (2) 

29 

(2) 

30 

(2) 


33 (2) 

34 (3) 

35 (3) 

40 (2) 

41 

(3) 

42 

(3) 


43 (4) 

44 (3) 

62 (4) 

63 (3) 

64 

(3) 

65 

(3) 


66 (3) 

67 (3) 

68 (3) 

69 (3) 





2 

7(2) 

8(2) 

9(2) 

10 (2) 

11 

(2) 

12 

(2) 

3 

21 (2) 

22 (2) 

31(2) 

32 (2) 





4 

23 (2) 

25 (2) 

36 (3) 

38 (3) 

45 

(2) 

46 

(3) 


58 (2) 

59 (3) 







5 

24 (2) 

26 (2) 

37 (3) 

39 (3) 

47 

(2) 

48 

(3) 


60 (2) 

61 (3) 







6 

49 (2) 

50 (2) 

51 (2) 

52 (2) 





7 

53 (0) 








8 

54 (2) 

55 (2) 

56 (2) 

57 (2) 






Parent subgraph (G p ) : 

{i} 

Number of planes in G p : 

ii 

Child subgraph ( G c ) 

{2, 3, 4, 5 6, 7, 8} 


Parent subgraph 

Planes and edges present : 



Plane No. 

Edges No present m a plane 

1 

1 2 3 4 5 


6 37 40 41 

2 

7 8 9 17 

3 

9 10 18 25 

4 

19 20 21 22 23 


24 38 50 51 

5 

25 26 27 80 

6 

41 42 43 54 

7 

51 52 53 75 

8 

54 55 57 75 

9 

55 56 76 77 

10 

77 78 79 83 

11 

80 81 82 83 
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Curved planes ( bpi ) : 


curved plane No. : 1 

plane No : 3 

curved plane No. : 2 

plane No : 6 

curved plane No. : 3 

plane No : 7 

curved plane No. : 4 

plane No : 9 

curved plane No. : 5 

plane No : 11 


APR Table : 


h, P t< 

h,pi 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

1 

D 

■ 




1 






2 



1 









3 


1 



1 







4 




- 



B 





5 



~r 





_ 



1 

6 

i 





B 






7 




B 



- 

l 




8 






B 

B 

- 

El 



9 








l 

- 

1 


10 





m 




hr 

- 

1 

11 




■ 

B 





1 

- 


Child subg: 


Child subgraph No. 

graph No 

type 

present in the plane of G p 
edges present 

Child subgraph No. 

graph No 

type 

present in the plane of G p 
edges present 


: 1 

2 

2~D 

2 

11 12 13 14 

2 

3 

: 2-D 

1 

28 29 30 39 


Child subgraph No. : 3 

graph No. : 4 

type : 3-D 


Phs 


15 16 
















59 60 73 


present in the plane of G p 

edges present 
number of planes 
Plane No. 

12 

13 

Plane No 
12 

13 

Child subgraph No. 

graph No 

type 

present in the plane of G p 
edges present 
number of planes 
Plane No 

14 

15 

Plane No. 

14 

15 

Child subgraph No. 

graph No. 

type 

present in the plane of G p 
edges present 

Child subgraph No. 

graph No. 

type 

present in the 
plane of G P 
edges present 

Child subgraph No. 
graph No 

type r n 

present in the plane of Gj 

edges present 


58 

2 

Edges present m the planes 
31 32 35 44 

44 45 48 60 

Adjacent planes 
13 
12 

4 

5 

3-D 

8 

61 62 63 74 

2 

Edges present in the planes 
33 34 36 46 

46 47 49 63 

Adjacent planes 

15 

14 

5 

6 

2-D 

8 

64 65 66 67 

6 

7 

2-D 

8 

68 

7 

8 

2-D 

8 

69 70 71 72 


Flat pattern development : Figure 7 12 

Single plane features 


n f parent subgraph 


curvature bend • 
plane No, : 


curvature bend 


2 
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plane No 6 

curvature bend : 3 

plane No 7 

curvature bend : 4 

plane No 9 

curvature bend : 5 

plane No 11 

Multi-plane of the parent-child subgraph features 

louvering : 1 

child subgraph No 4 

louvering : 2 

child subgraph No 5 

Shearing features 

Parent subgraph : 


notching 

position 


notching 

position 


Child subgraph : 

piercing 
subgraph No 

piercing 
subgraph No 

piercing 
subgraph No 

piercing 
subgraph No 

piercing 
subgraph No, 

lancing 
subgraph No 
edge No. 


1 

117 3582 

209 9451 

117 3582 

199 9451 

197 3582 

199.9451 

197 3582 

209 9451 

2 

197 3582 

118 3625 

197.3582 

128 3625 

117 3582 

118 3625 

117.3582 

128 3625 


1 

2 

2 

3 

3 
6 

4 

7 

5 

8 

1 

4 

58 59 


73 
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lancing 
subgraph No 
edge No 


2 

5 

61 62 


74 


Chapter 8 


Conclusions and Scope for Future Research 


S.l Conclusions 

In the chapter on Introduction and Literature Review, different approaches used for rep- 
resenting a physical entity in the computer environment in general and for sheet metal 
components in particular were discussed It has been observed that a 3-D solid model is 
converted into face oriented structure, foil type, or some other form, such that the thick- 
ness of the sheet is neglected for identifying the features. As such, m the present research 
work wireframe model has been used for recognizing features. This geometric model is 
considered as an appropriate choice because of its extensive use in sheet metal industries, 
and the advantages it offers with respect to hardware and software Pressworking features 
are recognized from the plan view in case of a 2-D part nested layout, and the- mean plane 
of the component in case of a 3-D sheet metal component The thickness of the sheet metal 
is given to the system interactively. Set theoretic and graph based approach are used to 
identify shearing and forming operations by developing a set of principles and relating them 
geometrically and topologically. This approach helps the designer to create a component 
flexibly and without any hindrance since the entities used in the wireframe model are the 
same as those used in manual practices to depict drawings of an object. The approach 
helps in identification of all the features in a hierarchical way from the CAD database. 
The identified features represent the potential candidates for manufacturing the compo- 
nent. Thus, the proposed approach makes the CAD database file of a wireframe model 
meaningful to the CAM environment and as such can be considered as a step towards the 

realization of CIMS m true sense. 

In this research, classification systems for entity groups, pressworking operations and 
features are proposed, and they are : 

• classification system for entity groups 
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• classification system for shearing operations and features 

• classification system for forming operations and features 

Further, a set of principles and generalized algorithms for recognizing pressworking 
features from wireframe model are proposed They are 

• An algorithm for developing entity groups from the flexibly represented compo- 
nent/part layout adhering to the Euler’s formula for wireframe model, and principles 
for identifying the nature of a component (i.e. 2-D or 3-D). 

• A generalized algorithm for the ray containment test to uniquely identify the presence 
of an entity group within another entity group by taking the various special cases of 
the ray crossings with respect to the boundary feature. The generalized algorithm 
also used to extract the component set from the feature set. 

• An algorithm based on the generalized principles for identifying the raw material type 
from a 2-D component layout using the geometry and topology of the raw material 
feature from the CAD database of wireframe model. 

• A set of principles for identifying various shearing and forming features and to char- 
acterize them by relating their geometry and topology. 

• A set of generalized principles for recognizing parent subgraph and child subgraphs 
from a 3-D component graph using the topological concepts of the component 

• The principle of vector normal method for identifying the various loops present in 
the parent and child subgraphs. Also, the loop of the child subgraph present in the 
loop of the parent subgraph is identified. 

• An algorithm for extracting and identifying cross bend features from the component. 

• An algorithm for converting the non-Euler representation of the flat pattern devel- 
oped for a 3-D component to the form which satisfies the Euler’s formula for wire- 
frame model. Shearing features are then identified from the nested layout created 
by the designer in AutoCAD with the help of the flat pattern of developed for a 3-D 
component. 

Thus the proposed methodology is of generalized nature for identifying pressworking 
features from 2-D and 3-D components created by wireframe model irrespective of the 
CAD database. Further, the methodology developed is not dependent on the data structure 
used in this research work. 
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The proposed classification systems help in determining features in a hierarchical man- 
ner and thus reduce the search requirements during implementation. The classification 
systems also help in easy identification of finish operations, if total tolerances are taken 
into consideration. 

The proposed methodology generates information about different operations by means 
of which a part can be produced from raw material, and thus enables in the development 
of alternative process plans for manufacturing the part An appropriate process plan can 
be selected from the generated alternative process plans based upon the requirements and 
facilities available in an organization The geometrical information of identified features 
obtained from the system can be used for optimization of tool paths in case of CNC turret 
presses, off-line generation of G and M codes, generation of GT codes, mapping form 
features for the development of tools to produce the shape and for inspection of tools and 
parts etc. 


8.2 Scope for future research 

In this thesis, various pressworking features are identified from the CAD database (Auto- 
CAD) of wireframe geometric modeler used to represent sheet metal components. As stated 
earlier, pressworking features are recognized with the help of a set of principles developed 
by relating their geometry and topology. Graph based approach is used for the generation 
of component graph, and for identifying subgraphs in it. Set theoretic concepts are used to 
identify various feature sets and types of subgraphs. No research work is complete m itself 
and is true for the present work also. For making the proposed system more complete, 
versatile and exhaustive, further research on the following suggested lines is required. 


. A study to identify other entities (like ellipse, 3-D polyline, parabola, etc.) from the 
CAD database of wireframe modeler that can be used for the representation of sheet 

metal component /part layout. 


In this work, it has been assumed that the minimum raw material required for man- 
ufacturing the component is a rectangular shape (MER), with sides paralle to X and 
Y axes In practice, this may not always be true, since MER can be oriented in any 
direction with respect to the X and Y axes By relaxing this assumption, it will 
possible to account for a more realistic environment. 

In case of 2-D components, for minimising waste, a part that can be 

from the pierced material is manufactured first, then the outer component. Th , 
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component can be located totally inside another component. These type of layouts 
have to be considered for further identification of pressworking features. 

• By combining similar and dissimilar features, it is possible to reduce the total number 
of features, and hence number of operations required to manufacture the component. 
This has to be done by checking the feasibility of the combination of features. The 
factors that have to be considered are design of tools, manufacturability, specifica- 
tions of presses, etc Similarly, by considering the tools and presses available, the 
decomposition of features may also be required to manufacture the components. 

• Classification systems of forming operations and features are given in the present 
work, but few operations (deep drawing, embossing, etc.) are not yet characterized 
and recognized. 

Extension of the present work based on the above suggested directions would enhance 
its utility and act as a step forward in bringing realistic CAD and CAM integration. 



Appendix A 


Definitions of Shearing Operations 


In this Appendix, definitions of various shearing operations are given (Metals Hand Book, 
Vol 4, 1970; Lascoe, 1988), 


DEFINITIONS 


FIGURES 


Blanking : Blanking is a process in which, 
the complete outline of a workpiece is cut 
m a single press stroke from sheet or strip 
stock 



Cutoff : A cutoff operation cuts along a 
line to produce blanks without generating 
any scrap in the cutting operation This 
operation is performed after most of the 
part outline have been developed by notch- 
ing or lancing operations in the preceding 
stations. 



Scrap 
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Lancing : Lancing is an operation in 
which a single line cut or slit is made part 
way across the strip stock, without remov- 
ing any metal Generally it is performed 
to free metal for forming. 


Notching : Notching is a process in which 
the individual punch removes a piece of 
metal from the edge of the blank 

Nibbling : Nibbling is a progressive 
notching at high rate of speed, making ei- 
ther a smooth finished edge or a scalloped 
edge. 


Parting : Parting separates blanks from 
parent material by cutting away a strip of 
material between them. Like cutoff, it is 
done after most of the outline of the part 
has been developed by notching or lancing. 



Piercing : Piercing is also known as 
punching, or stamping. This is similar to 
blanking except that the pierced out slug 
is the waste and the surrounding metal is 
the workpiece. 


Shaving : Shaving is an operation used af- 
ter blanking to give a smooth, square edge, 
and greater accuracy than can be achieved 
in an ordinary blanking. 



One shave 
0.482 pierced diam 
0.500 shaved diam ~ 



‘ 0.009 a side 
for shaving 


Two shaves 
0.473 pierced diam 
0.491 first shaved diam 
0.500 second shaved diam-? 



00135 on a side for shoving 
0 009 for first shove 
0.0045 for second shove 



S«eilon A-A $«cilon B-B 
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Shearing : Shearing is a process in which 
the material is cut with dies or blades In 
case of a coil or strip, it is used to cut 
the material to get specified length of the 
stock. 



Slitting : In this process, the coil or strip 
is cut into narrower coils or strips for spec- 
ified widths. 



Trimming : Trimming is a process for re- 
moving excess material, such as deformed 
and uneven metal on drawn or formed 
parts, and metal that were needed in pre- 
vious operations, like blank-holding flange 
for drawing operation 







Appendix B 


Definitions of Forming Operations 


In this Appendix, definitions of various forming operations are given (Sachs, 1966, Metals 
Hand Book, Vol 4, 1970; Lascoe, 1988, Altan et al., 1983), 


DEFINITIONS 


FIGURES 


Bending : Bending is a process used 
for forming flat sheets into linear sections, 
such as angles, channels, hats, etc. There 
are three types of bending methods en- 
countered, viz., air bending, die bending, 
and roll bending. 


Coining : Coining is a closed die form- 
ing operation, usually performed cold, in 
which all surfaces of the work are confined 
or restrained, resulting in a well defined im- 
print of the die on the workpiece It is also 
a restricting operation used to sharpen or 
change an existing radius or profile. 



A a c o 


(A) air bending, (B) air rounding, (C) die 
bending, (D) die rounding 
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Contour roll forming : This process is 
used to produce long components having 
desired shapes of uniform cross section by 
feeding the stock longitudinally through a 
series of roll sections equipped with con- 
toured rolls 



(Q) Roller profiles for 
one pass 


Pass No 



lb) Various posses for roll 
forming "HAT” section 


Curling : The process is used for form- 
ing an edge of circular cross section along 
a sheet or along the end of a shell or tube, 
either to inside or outside of it. Different 
types of curling are open, closed, and off- 
set 


Deep drawing : Deep drawing is a pro- 
cess in which , sheet blank (hot or cold) 
is usually subjected to a peripheral hold 
down pressure, and the blank is forced by 
a punch into and through a die to form a 
deep recessed part having a wall thickness 
almost the same as that of the work 




Deep drawing: (A) first draw. (B) redraw, (C) reverse draw 


Dimpling : Dimpling is a process for pro- 
ducing small conical flanges around holes 
in sheet metal parts that are to be assem- 
bled with flush or flat headed rivets. This 
is most commonly applied to sheets that 
are too thin for counter sinking 



(a) Toohrtg **!up 


lb) OlmpUd pqH 
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Embossing : Embossing is a process of 
producing raised or sunken designs in sheet 
material by means of male and female dies, 
theoretically with no metal thickness. 



Flanging : Flanging process is similar to 
bending, except that the metal bent down 
is shorter, when compared to the overall 
part size Various types of flanging are 
straight, contoured, stretch, shrink, and re- 
verse. 



Hemming : Hemming is an operation 
in which flanges are flattened against the 
workpiece m 180 degree bends to make a 
finished or reinforced edge. Different types 
of hems are closed, open, and teardrop 


Single- hem 

aawmbly Double-hem 



Open hem 


Teardrop hem 


Ironing : Ironing is a process of smooth- 
ing and thinning the wall of a shell or cup 
(cold or hot), while retaining the original 
thickness of the bottom by forcing the shell 
through a die with a punch. 



Joggling : In this process, an offset is ob- 
tained in a flat plane by two parallel bends 
in opposite directions at the same angle. 
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Louvering : Louvering is a process in 
which both the operations lancing and 
bending of the part are done 



i> (> 


pad 


Necking : Necking is a process in which 
the diameter of a drawn cup or shell is re- 
duced. The work metal is forced into com- 
pression by die reduction method, which 
results in an increase in both length and 
wall thickness of a part 



Nosing : Nosing is a (cold or hot) form- 
ing process of tapering or rounding the end 
of a shell or tubular component by axial 
pressing with a shaped die. 


Spinning : Spinning is a process of shap- 
ing seamless dished parts by the com- 
bined forces of rotation and pressure, with- 
out changing the thickness of raw mate- 
rial. Various types of spinning operations 
are hollow shaping, bulging, reducing, and 
threading. 



(a) hollow shape, (b) bulging, (c) reducing, (d) threading 




Stretch forming : Stretch forming is a 
process for obtaining the required shape 
from a blank by holding the workpiece un- 
der tension The work material is stretched 
beyond its yield point, so that the con- 
tour is retained There are four methods 
viz., stretch draw forming, stretch wrap- 
ping(rotary stretch forming), compression 
forming, and radial draw forming F j‘* 


Upper die- 


) Stretch drew forming 
with motmg dies 


r Movob1e rForm block 
gripper / 


SSI 


Workpiece- 


Rotory table - 


(c) Stretch wrapping 


Hydraulic 


(d) Compression forming 


-Movoble 


gripper >^rorm block 


Hydraulic 


Rotary table 


Sizing : The metal is entirely free to floi 
but the die comes together on solid co: 
tact faces in order to make the accura< 
obtained less dependent on the thickne 
and hardness of the original forging 









Appendix C 


Definitions of Set theory 


Basic concepts 

This appendix gives the definitions of set theory related to the present work for easy 
reference (Lipshutz, 1981, Singer, 1969; Zied 1991) In this thesis, a set is represented in 
both roster and descriptive methods. In roster method, a set F is said to be equal to the 
set of elements f\, f 2) fa, / 4 , and is represented as 

F={f 

In case of descriptive method, set F is read as F is equal to the the set of elements f J; 
such that equals f\, f 2 , fz, / 4 , and is represented as 


F = {fj | fj = fi, h, /s, h}- 

If a set has no element in it or is void, then the set is called an empty or null set and 
is represented by the symbol 0. 

Regardless of the set designation, set membership and non-membership is customarily 
indicated by € and $•, respectively, i e , fi G -F, and fe ^ F represents that element fi is 
a member (or element) of F, and fe is not a member of F. 


Basic set operations 

In set theory, the basic operations are union, intersection, difference and complement. The 
symbols used and their Venn diagrams are given in Fig. C.l. 
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Figure C.l. Basic set operations 
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Partition sets 

Let {Fj}j£j be a family of non-empty subsets of F Then is called partition of F 

if 


1- Ujg j Fj — F 
2 For any F,,F y , 

either Fj = Fj> or Fj fl Fy = 0. 

Example : Let F = /i , / 2 , /a, / 4 , /s , and R = f u B = / 2 ,/ 4 , and N = f 3 Js- Then R, B, 
N are said to be partition of F. 


Randomly ordered set 

A set is said to be randomly ordered, if the elements of it are not comparable. 

Example : Let V — Vi,v 2 . If the two elements i>i and u 2 do not have any preceding 
relationships in a E 3 Euclidean space, then V is randomly ordered set. 


Lexicographical ordering of set 


A set is said to be lexicographically ordered, if the elements are arranged in the similar 
way as the alphabets are arranged in the dictionary. 

Example : Let V be the vertex set in E 3 Euclidean space, having elements of ordered 


triplets, i.e., 
where V\ = x\,y\,z\] 


V = Vi,V 2 ,V 3 , . ,v n , 

v 2 — z 2 , S/ 2 ) z i\ i v n — x ni Vn, z n- Therefore, 


u, = {x„ y t , z t | 1 < % < w}, 


and 

V = {v t \ 1 <i < n}. 

The set V is said to be totally ordered, if 

u, X u,+i if < *t+i or 

if z, = 2 t+ i, but y t < J/t+i or 
if z, = z, + i and y , = S/<+i> < x,+1 

V 1 < i < n 

Then the set V is said to be lexicographically ordered. 



Appendix D 

Ray containment test 


In the ray containment test, the intersection of line segments is used to determine whether 
an arbitrary point P (Fig. 4 2) lies inside or outside a given polygon (Burger and Gillies, 
1990). The polygon is defined by a number of line segments or arc segments extending 
from vertex v t to with i = 1, • , p The polygon has p sides and, for convenience, 
the vertex u p+1 has been defined to be the same as V\. For any given point P(x,t/), the 
containment of this point by the polygon can be determined by counting the intersections 
between the polygon edges and a horizontal line segment, HL The line HL is drawn in 
one direction to infinity and the number of times the line intersects the polygon edges are 
counted Mathematically, intersections of lines are counted as given below . 

HL = P + pi (M> 0) ( D ’ 1 ) 

where i is a unit vector in the X direction and p is a scalar constant indicating the location 
of the line HL 

Let Li be a line segment of a polygon given by 

ij = K + V (K+i -V.) V . = 1, .... p (D.2) 

where v is a scalar constant indicating the section of a line segment of the polygon consid- 
ered. 

The intersection of the horizontal ray and line segment is expressed by the vector 
equation 

HL = Li. 


Thus, 


p + nUv + vW-H-v.) v i = i, p (D3) 

The above relationship can be written for each of the two cartesian coordinates as 


MIqws : 


X + P — X V (#t+l £«) 


(D 4(a)) 
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y = Vx + v (y l+ i - y t ) V i = 1, p. (£>4(6)) 

The above equation is solved for /x and v. If /x > 0 and 0 < v < 1, then horizontal 
line HL has intersected the edge (made of v t and u,+i) of the polygon under consideration. 
The number of times the line crosses the polygon edges are counted. If the count is odd , 
then the point P(x, y) is contained and if it is even , then the point P(x,y ) is outside the 
polygon. 
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